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ABSTRACT

This document reports work carried out over the third year of a

University Research Initiative (URI) on "Nanocomposites for Electronic

Applications.". The program is funded through the Office of Naval Research

under contract N-00014-86-K-0767 from DARPA order number 1131. Over m
the year the work has moved more towards the detailed study of the relaxor
ferroelectrics as a model system for self assembling nanocomposites.

In the perovskite structure lead magnesium niobate (PMN) a sequence 3
of studies of the kinetics of the polarization process under both weak and
high electric fields points up the close similarity of PMN to the magnetic

spin glass systems. Application of the Vogel-Fulcher relation predicts the
kinetics of the freezing process which immobilizes the micro-polar

structure, and permits calculation of the relaxation at higher temperatures
and frequencies. Studies of internal friction relate this behaviour to the

dielectric through conventional electrostriction. New evidence has also I
been obtained through TEM observations of the order-disorder of B site
cations in the A(BIB 2 )0 3 structure which gives rise to the fossil chemistry 3
and nano-polar response.

In the tungsten bronze structure relaxors a major breakthrough is the

clear documentation of spin glass behaviour in an already polar matrix, for I
properties in directions orthogonal to the polar axis. For the BaxPb.-xNb 2 06

solid solutions at compositions close to the morphotropic phase boundary 3
(MPB) this behaviour is seen in both ferroelectric tetragonal and

orthorhombic species. I
Work has continued developing transparent relaxor compositions by

hot pressing and optical and electro optic properties are under study.

For ultra fine particle the work on lead titanate has been completed
and shows that ferroelectric behaviour in this composition persists to

particle dimensions of order 100A° . These fine particle ferroelectrics are

being used to study ferrofluid phenomena in suspensions in insulating

dielectric liquids. I
Studies of composites for non critical phase matching are now focused

upon Fresnoite (Barium titanium silicate) in a fluoroberyllate glass matrix

and these studies have lead to the evolution of non critical phase matching

in gadolinium molybolate.
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I
A range of preparative studies have involved sol-gel techniques applied3 to PMN and PMN:PT solid solution and to the reactive submerged arc

(RESA) technique for generating fine particles.
Details of the studies on the contract are given in the 18 technical

appendices which are papers published on the contract studies.
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1.0 INTRODUCTION

This report documents work carried out over the third year of a

University Research Initiative (URI) on "Nanocomposites for Electronic
Applications." The program is funded through the Office of Naval Research
under contract N-00014-86-K-0767 from DARPA order number 1131. The
area proposed for study relates to functional (electronic) rather than
structural composites and stems from earlier work on electronic macro-
composites which was supported by DARPA and ONR contracts. In these
earlier studies it was demonstrated that the average materials figure of merit

for certain piezoelectric and pyroelectric applications could be vastly
improved over that of either component of the composite. These

enhancements were effected by using the phase interconnection I
(connectivity) to control the manner in which fluxes and fields thread
through the composite and in this way enhancing the tensor components of 3
value and depressing the components which were antagonistic to device

performance. 3
These earlier studies were focused primarily upon large area

composites for sonic and ultrasonic tranduction in water, where the

wavelength of the waves are very long and effective averaging can be I
achieved with very course internal structures.

The purpose of the present program is to explore the extension of 3
these composite ideas towards high frequency and optical applications
where for effective averaging the internal scale must now be well below the

wavelength of visible light i.e. in -ne nanometer region.

To provide properties which are likely to be of interest, and to make
major use of the primary skills of this Laboratory it is natural to select a 'soft'
ferroelectric type material as one component of the composite. For such

systems however, since the ferroic response depends on a long range I
cooperative phenomenon it is natural to expect major changes even in the
single phase component as the scale is reduced into this nanometer region. I
Such changes have been a major interest for the program of study.

2.0 TOPICS OF STUDY 1
Over the first two years of the contract period work was divided 3

almost evenly between the generation of nanoscale particles of simple

ferroelectrics. refining the methods to produce particles with more perfect 3
surfaces and simple morphologies for later assembly into nanocomposite
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structures, and the exploration of the relaxor ferroelectric families which
are self assembling polar nanocomposites. With the realization of the major
problems of architecting useful composites from nano-scale constituent
phases, the balance of effort has moved strongly toward the self assembling

systems.

Work upon the nano particle systems has been largely re-focused to

Iexplore the changes in the ferroelectric properties associated with the
scaling and the powders are being used in liquid suspension as components

of new and interesting dielectric ferrofluids.
A new more detailed study of the kinetics of weak field polarization in

the relaxors have revealed a striking similarity to the kinetics of

magnetization in spin glass systems. Current work is now exploring both

dielectric and elastic responses in the lead magnesium niobate:Lead titanate

Uj system.
For the tungsten bronze structure relaxors, a detailed study of the

3 optical and thermal expansion show unequivocal evidence of the existence of
a polar nanostructure well above the temperature of the dielectric maximum3 and a strong connection in these materials to spin glass behaviour. Low

temperature studies of the compositions near the morphotropic phase
boundary in the Lead barium niobate bronzes has shown a startling relaxation

I in the poled single crystal when fields are applied normal to the polar axis.
Perhaps the first instance of spin glass response in a polar phase.

Work on the magneto-electric and the nonlinear optic composites is
being continued, but at a lower level.3i The ellipsometric studies of the silicon based systems have now been

completed and the more intransigent oxide systems are now the primary

- topic for study.

3.0 FERROELECTRIC RELAXORS

I_ Self assembling nanocomposites structures.

i 3.1 TUNGSTEN BRONZE STRUCTURE RELAXORS

A very detailed and careful study of the glassy polarization in barium
i strontium niobates Ba0 .4 SrO. 6 Nb 2O 6 (SBN 40 Tc - 750C) Ba0 .2 5 Sro.7 5 Nb 2 0 6

(SBN 25 Tc - 560C) and Ba 2 .xSrxKl-yNayNb 5Ol5 (BSKNN) has been carried

out in conjunction with Dr. G. Bums and F.H. Dacol at IBM and with R.R.

Neurgaonkar at Rockwell. Studies of both refractive index and elastic strain
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as a function of temperature confirm the existence of a polarization at

temperatures well above that of the dielectric maximum, which is itself n

above the temperature at which true remanence collapses. A detailed

account is given in appendix 1.

Raman studies of the SBN 40 carried out again in cooperation with

IBM and Rockwell show clear phonon anomalies associated with the
dielectric maximum at Tc, and with the first onset of micro-polarization at

(Td). A more complete discussion is given in appendix 2.

In the lead barium niobate system, single crystals at compositions

close to the morphotropic phase boundary which occurs near
PbO.63Bao. 3 7 Nb2O 6 have been examined for their dielectric properties in the

temperature range form 10 to 3000 K. Both lead rich crystals which are in

the orthorhombic ferroelectric symmetry and barium rich crystals in the

tetragonal ferroelectric symmetry show strong dielectric relaxation for I
fields applied normal to the polar axial direction. The dispersion appears

remarkable similar to that in the perovskite relaxors, but is unique in that it 3
occurs in a polar phase. Clearly the dielectric response is not due to a phase

change, but is a "freezing in" of local polar rnoments. These moments can be

oriented at low temperature to produce a remanence which is very small

compared to the major ferroelectric polarization.

We believe that these fascinating behaviours can throw new light onto I
the whole spin glass behaviour. Details are given in appendix 3 and

appendix 4 and appendix 5. I

3.2 PEROVSKITE TYPE RELAXOR FERROELECTRICS

3.2.1 Dynamic Aspects of Behaviour

Dielectric and low frequency Internal friction measurements have I
been carried out on PMN and PZI" relaxors. The purpose of these

measurements was to study the dynamical nature of the micro-polar regions I
in these materials and the possibility of short-range interactions between

them. These micro-polar regions are believed to be superparaelectric with i
the direction of spontaneous polarization thermally fluctuating between

equivalent directions. The kinetics of the polarization fluctuations were

studied by modelling the dielectric relaxation using the Vogel-Fulcher

relationship. Activation energies on the order of kT were obtained from the

modelling in addition to the prediction of a static freezing temperature. 3
The static freezing temperature has been found to be in close agreement to

I63
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the temperature of the collapse in the remanent polarization on heating

"l from a poled state. The implications are that short range Interactions

control the kinetics of the fluctuations and the freezing process, as in the

magnetic spin glasses.

The internal friction measurement method used was a low frequency
large amplitude resonance technique. The linear and nonlinear elastic and

I anelastic constants were calculated from the shape of the resonance curve.

Elastic and anelastic softening in the non- linear coefficients were observed.

All four coefficients were found to be strongly field dependent. The

implication is that the spontaneous deformation may also thermally fluctuate

between equivalent directions and that the micro-polar regions may then

interact elastically. The existence of a large internal microstrain in some

relaxors was confirmed by x-ray line broadening measurements. This brings

up the possibility that various freezing mechanisms may exist in different

relaxors determined by the nature of the dominant interactions.

I Presently the field, compositional, and stress dependence of the

kinetics of the polarization fluctuations are being investigated for various

relaxor families using the same techniques. The dielectric non-linearities

are being calculated to compare with the elastic non-linearities in an

attempt at establishing the interactions which dominate the freezing
process in eacth relaxor systems. The frequency dependence of the non-
linear elastic and dielectric responses are also being measured. The

I eventual goal is to try to explain the differences between the various relaxors

on the basis of different interactions and freezing mechanisms. Another goal

of this investigation is to understand the mechanism of how long range polar

order develops from relaxors as the composition is adjusted towards a

normal ferroelectric or as an electric field is applied. Much time is also
being invested in attempt to more fundamentally understand (model) the
kinetical aspects of relaxors and the mechanism by which ordering fields

can speed-up and/or slow down the fluctuations.

3.2.2 Optically Transparent Relaxor Based Nanocomposites
One of the primary tasks for studies on this URI was to explore the

i possible application of nanocomposite systems in the control of visible light.

Since the self assembling relaxor ferroelectrics have been shown to contain

nanopolar regions with sizes in the range of 5 to 20 n meters, whose

I orientation can be controlled by electric field they are of major importance

to these studies.
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Since it is both expensive and time consuming to grow single crystals

of the compositions of interest, and the resultant samples are often of small

size and inadequate optical properties it was vital to explore other methods

of producing transparent samples.
For the lead magnesium niobate (PMN) by using a 1/2 mole% addition

of Lanthanum oxide (La203) it has proven possible to produce good

transparent samples using hot isostatic pressing (HIP) processing (appendix I
6). The macro symmetry of PMN is cubic, so that the grains are optically

isotropic and in a high density pore free ceramic the grain boundaries do1
not scatter at optical wavelength.

A more detailed account of the dielectric, optical and electro optic

properties of hot pressed PMN and of PMN solid solutions with lead titanate

is given in Appendix 7. From the behaviour of the refractive index as a

function of temperature it is shown that polar micro-regions persist to I
temperatures well above that of the dielectric maximum, as is expected in

relaxor nanocomposites. dispersion of the refractive index is well described

by a single term Sellmeier equation. High quadratic electro-optic effects

were observed and the quadratic g coefficients shown to be similar to those 3
in other lead containing perovskites.

Results of a preliminary study of hot pressed ceramics in the Lead

Scandium tatalate (PST) lead magnesium niobate system are reported in

Appendix 8. Hot uniaxial pressing was carried out using the facilities at

Plessey Research Caswell and data are given for dielectric behaviour,
microstructure and optical transmittance.

3.3 NANOSTRUCTURE-PROPERTY RELATIONS IN COMPLEX LEAD

PEROVSKITES 3
Transmission electron microscope studies on several complex lead I

perovskite compounds with the general formula Pb(B'B")0 3 and their solid

solutions have been used to demonstrate the very strong role which local

ordering of the B site cations plays in controlling the dielectric response. It £
is shown that compositions exhibiting no cation ordering or very high

degrees of order behave more like normal ferroelectrics, whilst the strong

relaxor spin glass like behaviour is best expressed in compositions which

show strictly limited short range ordering. A hypothesis is suggested which

relates the 0.3 polar connectivity in these nanocomposites to the 0.3 order I
disorder connectivity. This work is presented in Appendix 9.

8
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4.0 SYNTHESIS OF NANO-SCALE POWDERS

4.1 Lead Titanate Powders

A detailed study of the preparation of nanometer size lead titanate

particles by chemical co-precipitation has now been completed (Appendix
10). Crystallization was carried out by low temperature heat treatment of

the as precipitated powders produced by a precipitation reaction from a
Pb(N0 3 )2 :TiCI4 and H 2 0 2 :TiCC 4 solution by slow addition of ammonia

I solution. TEM techniques were used to explore the symmetry of individual

crystallites and to show that ferroelectric tetragonal particles (c/a t- 1.065)

occurred over the size range above 10 nm. Both the particle size and the

phase content could be regulated by the heat treatment and powders
exhibiting both cubic and tetragonal crystalline phases were produced.

4.2 Lead Magnesium Niobate (PMN) Studies

IThe sol-gel method is of increasing importance for the fabrication of

both bulk and thin film ferroelectric perovskites. In the study discussed in

Appendix 11, the structure of a gel used in the production of Lead

magnesium niobate containing different mole fractions of the lead

magnesium and niobium ions has been explored using TEM methods. The

work has revealed that the as prepared gels have a course texture and

contain some crystallites often up to a few nanometers in size. Analysis by

EDS and SAEDP show that this phase separation is on a very fine scale.

In the preparation of PMN, the appearance of a non stoichometric

pyrochlore structure phase at low temperatures often complicates the

processing and degrades the resultant electro-mechanical properties. Work

described in Appendix 12 reports studies of a range of Diphasic gels which

were made up using a small concentration of perovskite type PMN seeds.

The unseeded gels calcined at 7750C for 2 hours gave - 98% of the

perovskite structure phase. The use of 1% of PMN seeds not only gave

completely pure perovskite PMN but also lowered the crystallization

temperature for the gel by some 750C.

4.3 Use of the RESA Method to Synthesize AIN
The reactive electrode submerged are (RESA) process has been

applied to the synthesis on nanoscale particles of aluminum nitride using

liquid nitrogen or liquid ammonia as the dielectric fluid surrounding the arc.
For liquid nitrogen a mixture of y aluminum oxide and hexagonal aluminum

9



I
nitride was produced, probably due to oxygen contamination in the nitrogen

bath. Powders formed in the liquid ammonia were a mixture of hexagonal 3
aluminum nirride and aluminum metal, consisting of large polyhedra 30-100

nm in -'.e and exceedingly fine particles less than 10 nm in size. A detailed

account is given in appendix 13.

4.4 Sol-gel Processing of Oxide Superconductors I
Bulk materials and thin films of pure homogeneous YB2Cu30 7. x and

Bi2SR 2 CACu 2Os-x composition were prepared by a nanocomposite solution- I
sol-gel (SSG) process. This work is discussed in Appendix 14.

5.0 MAGNETOELECTRIC NANOCOMPOSITES 1
Magnetoelectric composites consist essentially two phases: a I

piezomagnetic phase and a piezoelectric phase. When placed in a magnetic

field the piezomagnetic phase is strained and this strain is transferred to 3
the piezoelectric phase which is electrically polarized producing an electric
field across the composite. We have prepared BaTiO 3 -CoFe2 O 4 composites

with 3-0 type connectivity of different compositions by the different

methods and measured their properties including the dielectric and

magnetoelectric properties at high frequencies. To improve the I
magnetoelectric output from these samples we also have prepared BaTiO3 -

CoFe2 0 4 and Pb(Zr,Ti)0 3 -CoFe 2O 4 composites with 2-2 type connectivity by I
tape casting.

Tapes of Ni-Zn ferrite. CoFe2 0 4 , BaTiO 3 and PZT have been prepared. 5
In 2-2 type composites for the series type equivalent circuit of the

piezoelectric phase the CoFe2 0 4 layers can be shorted so that the

piezoelectric properties of the PZT and BaTiO 3 remain unaltered (See the
Figures I and 2 below). The 2-2 type composites (60% PZT - 40% CoFe2 0 4 )

have shown much higher piezoelectric d3 3 constants (-140 pc/N) compared

to that of 3-0 type composites (-5pc/N). The 2-2 composites demonstrated

good magnetoelectric properties in an experiment designed to test the S
sample for transducer application. Future work is planned to compare the

performance of 2-2 type composites with similar composites of 3-0 type

connectivity and to study their properties including the dielectric,

piezoelectric and magnetoelectric properties as functions of frequency to

evaluate their performance as magnetic field sensors. The dependence of

the resonance frequency on the layer thickness will also be studied.

I
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Piezoelectric Layer

Electrode 2

Ferrite Layer
2

Figure 1 Magnetoelectric Multilayer Figure 2 Equivalent Circuit
Composite

6.0 NANOCOMPOSITE SECOND HARMONIC GENERATING WINDOW

MATERIALS

Efficient second harmonic generation is greatly facilitied by non-

critical phase-matching (NCPM). In single crystals NCPM is a fortuitous

event, the wavelength of which can be only slightly controlled by
temperature tuning or crystal chemical substitutions. We are utilizing form

birefringence, which arises from the interaction between a light wave and

the shape of a particle, to develop a design scheme for composites where we

can tailor the NCPM wavelength by changing the physical configurations of

the composite.
Results from common effective media theory, which is valid in the

limit of vanishing particle size, indicate that form birefringence is sufficient

to achieve NCPM at infrared wavelengths, where chromatic dispersion tends

to be small (e.g. fluoroberyllate glasses have dispersions as low as 0.003

between 5.0 gn and 2.5 g~m). A more detailed approximation based on the

11
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exact field solutions for a dilute suspension of infinite cylinder predicts that
the selection of the proper particle size enhances form '.refringence by as 3
much as ten percent compared to that for vanishingly small particles, as is

shown in Figure 1. From this data, we predict that a composite composed of
2.5 volume percent of 40 nm diameter fresnoite cylinders (n - 1.7, d 3 1 = 5.9

pm/V) in a fluoroberyllate glass matrix (n = 1.3) can achieve approximately

one percent conversion of a fundamental beam of 5.0 prm wavelength and 1.0 I
gigawatt/cm 2 power density to its second harmonic. We are currently

beginning calculations based on an embedded dipole model which will 3
extend our predictions to finite particle axial rations, non-dilute
suspensions, and particles with anisotropic optical properties. We expect to

submit the fhst publication on this application in May.

In anticipation of results confirming predicted NCPM for small

birefringences in the infra-red, we have written a fortran program which 1
predicts NCPM wavelengths for biaxial materials. In the corse of using this
program, we have found that 3' - Gd 2 (MoO 4 )3 is capable of NCPM in the near I
infrared. We have confirmed our prediction (Figure 2) using an optical

parametric oscillator and are currently characterizing the NCPM 3
temperature and angular bandwidths. We expect to submit a letter for

publication in March.

Finally, we will couple the form birefringence and NCPM wavelength
formulations into a design scheme which we will use to create a real
composite. I

pWUIW o Ow po Odes., Cui2A, np.l2.1)
6.0000.5

4 .000 . '

00004

0 5 10 1 ~14 ~.. 4 4
tooil 1.41 I6iQ 143I

I
Figure I Figure 2
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7.0 CERAMIC: POLYMER NANOCOMPOSITES FOR MICROELECTRONIC

3 PACKAGING

This research deals with the potential use of silica/polyimide

composites for substrate applications. Some important parameters that will

be studied include: dielectric constant, dielectric loss, coefficient of
thermal expansion, and mechanical integrity. Low dielectric constant and

loss are important material properties to enhance signal speeds and

decrease crosstalk between signal lines. The coefficient of thermal

I expansion (CTE) of the substrate should match closely to the device

material, Si or GaAs (3.5-5 ppm/K), to alleviate thermal stresses. The

I mechanical integrity is also an important parameter so that the substrate

can support the IC chips and also withstand handling during processing.
Much research has been done on porous silica substrates to reduce the

dielectric constant but mechanical integrity and processability are the
limiting factors. Polyimides are commonly using as interlayer dielectrics on

Si or GaAs integrated circuits but do not exhibit the desirable CTE. Silica

was chosen as a starting material because of its low dielectric constant (K =

3.8) and loss with temperature and frequency. A drawback of silica is the
low CTE (-0.6 ppm/K). Polyimides were also chosen because of its low

i dielectric constant (K = 2.7) and loss but higher CTE (-35 ppm/K).

Therefore, a composite of silica and polyimide is one of the paths toward

achieving a CTE match while achieving a low dielectric constant. Combining

3 the ceramic and polymer will also improve the mechanical integrity as

compared to porous silica.3 Silica (Cabosil) and polyimide will be mixed in such a manner to form

0-3 and 3-3 connectivities. Cabosil (20-50 nm) will be used in this study to

investigate the effect of a large volume fraction of surfaces that make up the

composite. These surfaces have been known to exhibit unique properties
not predictable by mixing rules of composite materials. The homogeneity in3 nanocomposites can, in principle be higher than microcomposites, which

have problems of differential settling of the dispersed phase during

i processing. Thus, the uniqueness and homogeneity are reasons for studying

composites with a structure on the nanoscale. Micron particle size silica

I will also be used to compare the particle size effect. The transition from 0-3

and 3-3 connectivity with various loadings will be investigated by measuring

the resistivity and applying percolation theory.

This work is discussed in Appendix 15.

I
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8.0 ELLIPSOMETRIC STUDIES OF NANOCOMPOSITES AND INTERFACES I

In nanostructures as well as in nanocomposite materials, as the size of
the individual regions (grains) in materials are reduced to nanometer scale,

it is evident that the surface to volume ratio of the regions (grains) becomes

a very important factor in determining the physical properties of the final

materials. In fact, since the bonding of the ions/atoms at the interface
between grains is not the same as that inside the grain, the true chemical
composition and the physical properites (such as dielectric constant, 3
refractive index, optical absorption) of the surface and interface layers will

be different form those of the bulk grain. Spectroscopic ellipsometry was •
employed in this study (I) to characterize such nanostructures, (ii) to

determine the composition and structure of nonstoichiometric compounds,

(iii) to follow the evolution of interfaces and recrystallization process on heat I
treatment, and (iv) to detect extremely thin layer and/or transitional regions
between different layers. Before undertaking such studies on various oxides 3
which are important for optoelectronics, preliminary investigations were

carried out on nonstoichiometric Si-C and Si-Ge systems. 3
In the case of c-Si implanted with carbon ions the regression analysis

of SE data was shown to be able to distinguish the chemical mixture of

silicon and implanted carbon against the physical mixture of silicon and I
silicon carbide. On annealing such an-implanted specimens at high
temperatures, the recrystallization of Si and the formation of crystalline 3
silicon carbide could be followed by SE.

Virgin and germanium implanted crystalline silicon samples oxidized 3
at high temperatures were examined. The interposing layer between the
oxide and silicon substrate was found to be composed of a thin layer of
crystalline germanium-silicon alloy GexSil-x with the composition x

accurately determined by SE. The effect of the strain due to lattice
mismatch and quantum confinement of the interface was also investigated. U
The interface thickness determined by SE is found to be in excellent

agreement with that obtained by comparison to that obtained by high- 3
resolution transmission electron microscopy. It is shown that the

composition of the alloy and not the thickness of the interface layer of
GexSil.x alloy is responsible for the enhancement of the oxidation rate of

Ge+-implanted c-Si.

Then single crystal silicon samples implanted with oxygen ions were I
analyzed by SE. In the as-implanted state, the thickness and the

114
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composition of the understoichiometric oxide compound SiOx formed in
each layer were determined. The oxygen concentration is compared with
the theoretically expected value. On high temperature annealing S102 is
formed and the damaged silicon is annealed, resulting in epitaxially grown
c-Si from the substrate. S10 2 was seen to redistribute on high temperature
annealing. These results were confirmed by the Rutherford backscattering
technique carried out on the same samples.

Depth profiling of silicon monoxide film on vitreous silica reveals the
inhomogeneity of the oxygen concentration in the film. The composition x

in the nonstoichiometric silicon oxide, SiOx, and the thickness of each layer
of the film were determine. Such a nonstoichiometric compound was also
observed at the interface between c-Si and its thick thermal oxide layer
using the anti-S reflection technique. The result shows that this transitionalU region is 10 ± 0.9A thick and composed of SiOo.9 ± 0.1.

I8.1 Future Direction

Similar SE studies on nonstoichiometric oxides in Ba-), Sr-O, and
BaSr-O systems will be undertaken. When once the studies on the alkaline

earth oxides werein the oxygen ions are embedded in octahedral
environment are completed, we will take up the cases of tetrahedral oxides5 BeO and ZnO, and the cases of SrTiO 3 and cubic phase of BaTiO3 wherein

oxygen ions have strong anisotropic charge distribution. It is hoped that
these studies will lead to a clearer understanding of the dependence of the
electronic polarizability of oxygen ions on its immediate surroundings. This
is necessary before we can meaningful characterize (and thus modify the

preparation parameters to improve the final product) the wide variety of
nanocomposites of ferroelectric and optoelectronic materials.

9.0 ADDITIONAL STUDIESI
An interesting rational for the high interest in Nanocomposite

structures for Electronic Multifunctional Ferroic Nanocomposites is given in

appendix 16. The study looks at the potential application for magnetic
nanocomposites in magnetic recording, magnetic ferrofluids for seals and
bearings and for their uses in vibration damping and in heat engines. At self
assembling magnetic nanocomposites and their applications. For the

I ferroelectrics, the focus is upon the self assembling relaxor nanocomposites
and their very wide range of potential applicability in capacitors,

1 15
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I
transducers, agile systems, actuators, electo optic and optical switching
systems. Ferroelectric system are also discussed and the possibility of super 3
parelasticity is considered.

An interesting new type of nanostructure has been investigated in the
mineral fresnoite Ba 2TiSi2O 8. Single crystals of fresnoite grown in MRL, and

polar glass ceramics based on fresnoite are known to have a most unusual

anomaly in their pyroelectric response near 160*C, which causes the I
pyroelectric coefficient to begin to decrease rapidly and in fact pass through

zero at 1901C.
In this study (Appendix 17) the appearance of nanodomains of an

incommensurate structure is shown to occur on cooling form high

temperature. The strain in these incommensurate regions appears to be too

small to precipitate a ferroelectric phase as occurs in the germanium
analogue (Ba2TiGe2O8), but there is evidence of a very weak biaxiality in the I
canoscopic figure obtained when observing the silicate along the c axis. We

believe that this unusual incommensurate transition may be responsible for 3
the pyroelectric anomalies in the silicate.

A brief study of the pyroelectric, piezoelectric and dielectric
properties of P BaB2 0 4 is presented in appendix (17). Piezoelectric

coefficients and electro mechanical coupling coefficients in the borate are

low and uninteresting however the pyroelectric figure of merit p/K, where p

is the pyroelectric coefficient and K the relative dielectric permittivity is

quite attractive for some device applications.
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ISTUDY OF THE GLASSY POLARIZATION PHASE IN THE TUNGSTEN
BRONZE FAMILY BY MEASUREMENTS OF STRAIN, OPTICAL INDICES,
AND POLARIZATION

A.S. BHALLA, R. GUO and L.E. CROSS
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University Park, PA 16802

IG. BURNS and F.H. DACOL
IBM T.J. Watson Research Center, P.O.Box 218
Yorktown Heights, NY 10598

R.R. NEURGAONKAR
Rockwell International Science Center, Thousand Oaks, CA 91360

Abstract There has been considerable discussion of crystalline ferroelectrics with
a glassy polarization phase. There are materials in which there is evidence for
regions of local, randomly oriented polarization far above the transition
temperature Tc, up to a temperature Td.

We report accurate temperature dependent measurements of optic indices of
refraction, the birefringence and the strain in the ferroelectric tungsten bronze
crystals Ba04Sr0.6Nb2O6 (BSN40, Tc -75 0 C), Ba0.25Sr0.75NU206 (BSN25,
Tc -560 C) and Ba2-xSrxK I -yNayNb5Ol5 (BSKNN). From the experimental
data, it appears that far above the ferroelectric Tc, up to a temperature Td, the
crystals appear to possess a local, randomly oriented polarization, Pd, with the
same Td value irrespective of their chemical composition and Tc. Various aspects
of our understanding of the polarization behavior and other effects in this
ferroelectric system are discussed.

INTRODUCTION

Composition fluctuation plays the key role for relaxor behavior which was proposed by

Smolenskii (1970)1 and has been demonstrated by Setter and Cross (1980)2 using the

composition fluctuation in the Sc:Ta arrangement on the B site of Pb(Scl/2Tal/2)03

perovskite structure. For any arbitrary direction in the relaxor ferroelectric there is a very

broad distribution of Curie temperatures. For this type of system at any temperature

within the Curie range, there is a volume fraction of small polar microregions in a matrix

of nonpolar but high permittivity paraelectric phase. The behavior of such a system will

depend critically upon the size of the polar regions. For every small volume, the energy



!
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barrier E to reorientation of the polar vector would have the same order as KT, and the

polar vector of the micro-volumes is no longer stable to thermal fluctuation. For large

micro-volume where E is much larger than KT, a time stable domain configuration may

develop. In both instances, we may expect the polar vectors of separated regions not to be

strongly correlated, so that in the absence of an orientating external field, P the mean

polarization of a representative macro-volume will be zero both above and below Tc the

temperature of the dielectric maximum. That, however, will lead to a wide regimen above m

T€ for which although PO, the mean square polarization is not equal to zero. Therefore,

any property tensor coupled quadratically to the polarization, such as thermal expansion or 3
optical refractive index, might be expected to change above Tc as P changes. Evidences

to validate such argument have been reported previously for lead magnesium niobate (Jang 3
et.al., 1980)3 of the perovskite-type structure, strontium barium niobate (Bhalla et. al.,

1987)4 of the tungsten bronze type structure. A review reporting related efforts has been

given by Cross (1987) 5 .

Measurements of the electric polarization, Ps, thermal strains, xi and x3, optical

indices of refraction, nt and n3 and birefringence, Anij, on single crystals of tungsten I
bronze family, e.g. Bao.4SrO.6Nb2O6 (BSN40, Tc-750 C), BaO.25SrO.75Nb2O6

(BSN25, Tc-550 C), Ba2-xSrxKl-yNayNbsOl5 (BSKNN) and Pb0 .33Ba0 .67Nb 2O6  3
(PBN33, Tc-360 0C), showed the temperature dependence of these properties above the

transition temperature, confinning the nonzero values of VP3. The magnitudes of V3

deduced from sets of data gathered from several independent methods, xi vs. T, ni vs. T,

and Anij vs. T, are in good agreement with each other, as are the values of Td, and also

indicate the substantial polarization fluctuations to temperatures well above the dielectric

maximum atTc. 5

THEORETICAL CONSIDERATIONS

In the tungsten bronze type crystals, the prototype symmetry is 4/mmm so that the

thermal expansion is anisotropic with components x3 along the 4-fold axis and x I in the

perpendicular plane. The ferroelectric symmetry is 4mm and the very high dielectric

anisotropy at Tc shows that fluctuations are confined to the 4-fold axis, i.e. the

ferroelectricity is unuaxial. For these cases, the polarization fluctuation induced strains 3
will be given by I

I
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Sxj = ao = Q 3P3  (2)

where Q, electrostrictive coefficient, is a fourth rank tensor written in contracted~notation.

O ical Refractive Index
In the bronze family, there is a standing birefringence in the uniaxial tetragonal prototype,

i.e. n3*fn 1 and a birefringence An3 . Since that all polarization must occur along the

ferroelectric (c-, or 3-) axis, then in contracted notation, we have for the indices of
refraction

An 3 = -g 33 (n3)3 P12 (3)

A n -g 13 (nl) 3 P3 /2 (4)

where nO is the index of refraction if there were no polarization of any sort present,I0 0
whether along the c-axis (n3 ) or perpendicular to it (n I) and gij is the quadratic electro-

optic constant. The change of optical birefringence 8(An31) will be given by (for
0 0n3-n I _n):

8( 13) 3 _-5)

I( n )= - (g3 3-g 31)P3 (5)

I
EXPRIENALTECHMIOUE

The reversible polarization, Pr, was obtained by the integration of the pyroelectric current

versus temperature measured by a method developed by Byer and Roundy (1972)6. The

poled single crystal sample was heated in an air oven with automatic heating rate control.

The pyroelectric current was measured by a picoammeter.

Thermal expansion measurements were carried out from room temperature to

about 5000C by using a high sensitivity linear variable differential transformer (LVDT)

dilatometer. Heating/cooling rate of 0.50C/min was chosen and regulated by a

microprocessor based temperature controller. Single crystal rods cut with length parallel to

both c- and a-axis were mounted inside a fused silica holder which is set upright in a

I
I
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vertical furnace; and the thermal expansion or contraction was recorded on an X-Y 1

recorder.

The index of refraction parallel to Pr (n3) and perpendicular (nI) were measured by
the minimum deviation technique (Bums et al., 1983, 1986) 7. Oriented single crystal
prisms were used in an oven in conjunction with various lasers as light sources. 3

The birefringence, An 3 l, was also directly measured. An a-cut plate was
polished into a wedge shape with a known wedge angle (5-7o). An3 1 was measured

using a polarizing microscope with a hot stage and the sodium D-lines as a light source (X
= 589.3nm). The birefringence was deterrined by

An31 = /d sin 0 (6)

where 0 is the wedge angle, and d is the separation between the interference fringes

resulting from the varying thickness of the wedge. 3
RESULTS AND DISCUSSION

Room temperature values of several physical constants derived experimentally and used

for the calculations of '3 are summarized in Table I.

Figure 1 shows the indices of refraction both parallel and perpendicular to the

tetragonal c-axis of single crystal BSN25 (at X=632.8nm). As can be seen, the changes in
n3 are considerably larger than those perpendicular to the tetragonal axis (ni). Continuous
change in values of both nI and n3 can be seen rather than a classical soft mode behavior 5
for which a discontinuous in index of refractions is expected.

Figure 2 shows birefringence, An3l, as a function of temperature for single crystal
BSN25. As is evident from Figure 2, An31 decreases with temperature and goes through

zero (at a temperature well above Tc) and the crystal changes from optically positive to

negative.
Figure 3 shows the thermal strain data, xl=Aa/a, measured by LVDT for BSN25

single crystal. Using an extrapolation of the high temperature curve, it is possible to

calculate the arrest of the change which is due to the onset of Vf-3. As can be seen from

Figure 3, the deviation from the linear high temperature behavior occurs at a temperature

(-360oC) approximately.

U
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3Temperature dependence of the pyroelectric coefficient p and the integrated

reversible spontaneous polarization Pr of single crystal BSN25 are plotted in Figure 4.

BSN25 is a typical relaxor-type ferroelectrics in which a ferroelectric-paraelectric phase

transition is reported strongly temperature and frequency dependent 8. In contrast to the

polarization fluctuation behavior revealed by other techniques (as the results presented in

Figures 1,2 and 3), Pr measured by Byer and Roundy method quickly goes to zero at a

temperature immediately higher than Tc (-560C at IKHz by dielectric measurements).

Figure 5 summarizes the value of V73 , obtained from indepennt

measurements, i.e. n3, nI, An31, and Aa/a, calculated by using the corresponding

equations (1) through (5). Also plotted is the reversible polarization data Pr from Figure

4. It is evident that the polarization calculated from the P is larger than the saturation

polarization deduced from a simple Byer-Roundy thermal depolarization method and

showing quantitatively the slow decay of V73. Data derived from thermal expansion,

using measured electrostrictive constants9 ,10 of BSN40, and from optical index of

refraction (as well as from birefringence), using known quadratic electro-optic constants

(again from BSN40) agree well. Considering the difference between the physical

quantities that are measured, each independent measurement yields an excellent account

3 for the polarization characteristics in a glassy phase transition. The Q and g coefficients in

the case of BSN25 are not available and hence these values of BSN40 are used in the

I calculation of V7.
It has been known through previous investigation conducted by Glass(1969)8 that

I the ferroelectric-paraelectric phase transition becomes more diffuse when Sr:Ba ratio

increases. Figure 6 shows the results 4 of similar measurements done on BSN40. BSN25

U shows more pronounced relaxor behavior for which the V73 decays slower cmpared

with BSN40. Nevertheless, both BSN40 and BSN25 show almost same Td, even though

U there are differences in their compositions. It has been reported that Td of PLZT is

approximately equal to Tc of PZT (Bums et.al.,1983,1986)7 and Td of Pb(Ti.xSn,)O3 is

found I to be equal to Tc of PbTiO3. In BSN crystals, there is no end member for which

an estimate of Td can be made. However, a compositional insensitive Td do seems to exist

3in this system.

Similar studies have also been carried out for 'stuffed' tungsten bronze BSN

crystals in which all six A-sites in a unit cel are occupied by cations (e.g., Ba2-xSrxKl -

yNayNb5Qi5 or BSKNN in short) and rare-earth element doped BSKNN. Figure 7(a)

I
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shows the indices of refraction both parallel and perpendicular to the tetragonal c-axis of

single crystal BSKNN(I)II (Ba0.gSrl.2K 0.sNa0. 5Nb 5O 5, TC-1750C) for X=632.8nm; I

Figure 7(b) shows the thermal strain Aa/a measured by LVDT for BSKNN(I)II single

crystal; the temperature dependence of the pyroelectric coefficient p and the reversible

spontaneous polarization Pr of single crystal BSKNN(1)II are plotted in Figure 7(c). Pd

values determined by the independent measurements again are shown in Figure 7(d) (the

values of' 3 obtained from n3, 4n31, and Aa/a have been given).

Figure 8 shows the plots of 'VP3 (determined from the birefringence data) vs the 3
temperature for the compositions BSKNN(2)I, BSKNN(I)Ul, and Nd doped BSKNN

single crystals. As shown in Figure 8, BSKNN(2)I (Bal.5Sr0.5K0.7 5Na0.25Nb 5 0I5,

Tc-220 0C) showed much sharper drop of the Pd at the Tc while BSKNN(I)11 shows a

slow decay of it. Although there is a larger difference in the Tc for BSKNN( 1)11 and

BSKNN:Nd, their Tds yield again almost the same values.

Besides BSN, lead barium niobate Pbl-xBaxNb2O 6 (PBN) composition is another

example of bronze-type relaxor ferroelectrics (of either tetragonal or orthorhombic 3
ferroelectric phase). Since the Tc of PBN is in the range of 2700C and above (e.g.

Subarao et. al., 1960)12, it has been difficult to measure the polarization by the Byer- 3
Roundy method due to the high temperature conductivity. Figure 9 shows the value of Pd

for PbO.33BaO.67Nb2O6 single crystal (which is of the tetragonal symmetry and far from

the morphotropic phase boundary) obtained by the optical birefringence measurement. A

Td-5000C could be possible from the plot. Tc-3500C was obtained from dielectric vs

temperature measurement. The particular composition has reasonably sharp Tc and very

small diffuse phase transition characteristics. Thus the magnitudes of the Pd and Ps are

very close for most of the temperature region. Also the Tc of dielectric measurement is in 3
the same range as can be deduced from '/P3 vs T in Figure 9.

Measurements of thermal expansion and of the temperature dependence of index of

refraction (or birefringence) can be used as independent ways to qualitatively define the 3
characteristics of relaxor-type ferroelectric phase transitions.

From the experimental data, it appears that far above the ferroelectric Tc up to a

temperature Td, there exists a local , randomly oriented polarization Pd, with a Td value

insensitive to their compositions.

I
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TABLE I. Values of the Q and g Coefficients Used for Calculation of ' 3 for
Most Crystals of Tungsten Bronze Family

Electrostrictive Constant (m4/C2 ) Q31 = - 0.7 1x10 "2

Q33 = 3x10 2

3 Quadratic Electro-optic Coefficient (m4/C2) (g33-g13) 0.068

I
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SFIGURE CAPTIONS

FIGURE 1. The measured nl and n3 for BSN25 single crystal at 632.8nm.

FIGURE 2. Optical birefringence An31 for BSN25 measured with the sodium D-lines.

The results for heating and cooling overlap each other.

FIGURE 3. Thermal strain measured by LVDT dilatometer for BSN25 along the a-axis.

FIGURE 4. Temperature dependence of the pyroelectric coefficient p and reversible

spontaneous polarization Pr for BSN25 single crystal measured by Byer and

i Roundy method.

FIGURE 5. r vs. T for BSN25, as calculated hom n3 vs. T (in solid circles), n vs.

T (in open circles), An3l vs. T (in solid triangles), and Aa/a vs. T (in open

rectangles). Pr vs. T from p vs. T measurements is also shown.

FIGURE 6. r vs. T for BSN40, as calculated from n3 vs. T (in solid circles), nj vs.

T (in open circles), An3l vs. T (in solid triangles), and Ac/c vs. T (in solid

rectangles). Pr vs. T from p vs. T measurements is also shown as the solid

* line.

FIGURE 7. (a) the indices of refraction both parallel and perpendicular to the tetragonal

c-axis at X=632.8nm; (b) the thermal strain Aa/a measured by LVDT

dilatometry method; (c) the temperature dependence of the pyroelectric

coefficient p and the integrated reversible spontaneous polarization Pr; and

(d) a summary of the values of ' 3 obtained from n3 (in solid circles),

An31 (in solid triangles), and Aa/a (in open rectangles) of single crystal

BSKNN(I), type H (the Pr value is also shown).

FIGURE 8. r data derived from optical birefringence measurements for BSKNN(1),

type II; BSKNN(1), type I; and Nd doped BSKNN.
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FIGURE 9. data derived from optical birt~fringence n~asurements for PBN33.
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RAMAN MEASUREMENTS OF TIHE IERROI-I.(IRIC Bao.4Sr0 .6Nb2 O6

G. Bums*, F. II. Dacol', R. R. Ncurponkar'*, A. S. [halla-0, and R. Guo$00

I * IBM T. J. Watson Research Center
P. 0. Box 218

Yorktown Heights, NY 10598

I ' Rockwell International Science Center
Thousand Oaks, CA 91360

I *'Materials Research Laboratory
The Pennsylvania State University

University Park, PA 16802

Using Raman spectroscopy, we have measured the AI(TO) and E(TO) phonons in the
tungsten bronze structured ferroelectric Ba 0 ,Sr 0.6Nb0 6 (BSN). We observe phonon anomalies
associated with T, and also with a temperature -450 C. The latter is in the region where index of
refraction measurements indicate the onset of a local polarization. By quenching the crystal from
high temperatures, T€ can be shifted. We frind that the phonon anomalies shift corresponding to3 the new T, values.

I
For a crystal with the point group C4,, a Raman spectrum with polarization x(zz)y gives the

pure A (TO) mode, and one with z(yz)x Vves putE(TO) modes. The AI(TO) phonon modes

are those that determine s. and the E(TO) phonon modes determine z,I
A, (17O) Raman modes - A compleie A, (TO) spectrum is shown in Fig. I at three different

special temperatures. In general, the spectra are similar to previous resultsI . Figure 2 shows the

same data, but with an expanded frequency scale that emphasizes the low-energy modes and shows

the results at more temperatures (measurements were taken at more temperatures but are not

shown).

Consider the data in Fig. 2. At 2VC, the low-energy region is dominated by a mode at 88

3 cm- t , which decreases in frequency as T,(.86 is approached. For example, at 70"C, this mode

peaks at 81 cm- 1 , at 90C it is 72.5 cm- 1 , and essentially retains this value to 250C (data at 100"C

3 and 300'C are shown in Fig. 2). Above 250C there is an increase in damping, particularly at 4000C

and above, as can be seen in the Figs. I and 2. From the Lyddane-Sachs-Teller (LST) relation, a

3 frequency shift from 88 to 73 cm-1 would give a fractional change in the dielectric constant of

d c/rec34%.I
I



Just above T€, a modc appears in the AI(TO) spcctrum at -ll0cm- I as can be seen from 1
the 100"C data in Fig. 2. This mode is not apparent bclow T"; however, it is observable at 906C,

which is just above T€, to the highest temperatures of ou, measurements. I
The observed intensity of the Raman features have rather distinct behavior. The intensity

of the low-energy features (Fig. 1) increases up to z450C. However, the intensity of the high- I
energy features (iO and 640 cm - I at room temperature and 243 and 623 cm- 1 at 400"C and above,

as in Fig. 1) decreases steadily to z 250°C, then more slowly to 450"C, whereupon it decreases

rapidly above 450C. Normally, the intensity of Raman active modes should increase with in. •

creasing temperature due to the Bose-Einstein factor.

Thus, for the A, (TO) phonons, the low-energy spectra (Fig. 2) have anomalous behavior

associated with T.. Also, the entire spectra have an anomalous decrease of intensity above 450C.

!I
E(TO) Ranmn Mode - The high energy (> 100 m-1) E(TO) phonon results (not shown)

have weak features at 106, 172, and 848 cm - and a more dominant mode at iv 600 cm- t (which 3
is resolved into a triplet at 553, 596, and 630 cm-1). The observed intensity of these modes drops

markedly above 400"C, similar to the observation discussed above. I
The low-energy spectra (F3) also have interesting behavior. The room temperature, 82

cm- t feature decreases in 6tensity up to T, and cannot be observed above that temperature. The I
intensity of the low-energy mode (z23 c - 1) mode also decreases with temperature up to Tc.

Above T, another low-energy mode begins to appear (see Fig. 3), and at 600"C, it peaks at -35 I
cm-1. Between room temperature and 84 K the broad low energy shoulder sharpens to show two

distinct modes at m28cm - l and w43 cm- .

I
Dbscutan - Although we have not been able to observe any true soft modes, both the

A,(TO) and the E(TO) phonons show anomalies associated with T, and with a temperature - I
450"C. The temperature dependence of the A,(TO) mode at 88 cm - t causes r, to increase by

z14% between 23"C and T.. The 450"C temperature is near the dipole temperature (Td) deter- 3
mined from optic index of refraction measurements which is associated with the onset of local

polarization 2. 3
Similar to previous experiments', we have quenched Ba0.4 Sr0 .6 Nb 2O6 (BSN60),

Ba0.25Sr0 .75Nb2O6 (BSN75), and (Ba,Sr,KNa)Nb2O6 (BSKNN) and find shifts of T, with 3
23



quenching temperature which are shown in Fig. 4. In these cxpcrimcnts the samples were held at

a temperature for xx hours and then qucnched to room temperature by removing the crystal from

the furnace. As can be seen, for the first two crystals the effect is essentially the same and large.

' The effect for BSKNN is distinctly smaller. In the earlier experiment, T. decreased with increased

quenching temperature and this variation was thought to be associated with increased disorder

I quenched into the cryst3. However. the results for thesc crystals (Fig. 4) show the opposite vari-

ation and we are not sure of the reason. However, using the quenched BSN60 crystal, we compared

the Raman results to the unquenched crystal. The same effects were observed in both samples,

with the anomalies occuning at the T. values independent of whether they an shifted or not. This

shows that the shifr of T, with quenching is a bulk effect that is associated with the fundamental

3 structure of the material.

I
1. G. Burns, J. D. Axe and D. F. OKane, Solid State Comm. 7, 933 (1969). G. Bums, Appl.

3 Phys. Left. 20, 230 (1972). R. Clark and D. Siapkas, J. Phys. C 8, 377 (1975). D. Siapkas and

R. Clark, Phys. Stat. Sol. (b) 62, 4377 (1974).

2. G. Buns and F. H. Dacol, this issue.

3. G. Bums and D. F. OlKane, Phys. Ltters 23A, 776 (1%9).
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I
Fig. I Raman spectra showing the A I(TO) phonons.

Mig. 2 The same as Fig. 1, but showing the Iow-encrgy phonon s.pectra in more detail and at morem

temperatures. I
Fig. 3 The low-energy Runan spectra which shows the E(TO) phonon3. I
Fig. 4 The T, values as a function of quench temperature for the three samples as indicated. The

dashed line is a guide to the eye. The three crystals BSN60, BSN75, and BSKNN have T, values

of 86, 58, and 1 88C, respectively. Thus, we have added constants to the T. scale (as indicated) so

that the results are normalized to BSN60. I
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LOW TEMPERATURE DIELECTRIC AND PYROELECTRIC STUDIES OF
THE MORPHOTROPIC PHASE BOUNDARY LEAD BARIUM NIOBATE
(PBN) SINGLE CRYSTALS

R.GUO, A.S. BHALLA, C. A. RANDALL and L.E. CROSS
Materials Research Laboratory
The Pennsylvania State UniversityUniversity Park, PA 16802, USAU

3Lead barium niobate (Pbl.xBaxNb 20 6, PBN) is one of the oxide octahedron-type

ferroelectrics with a tungsten bronze-type structure.1 ,2,3 The crystal has a prototype

symmetry of tetragonal 4/mmm at a temperature higher than Tc. At T<Tc, the crystal

possesses either a ferroelectric tetragonal phase 4mm (for l-x<0.63) with a polarization
vector along [0011 direction or a ferroelectric orthorhombic phase m2m (for I-x>0.63)

with a polarization vector along the (110] direction (referring to the prototype

symmetry). 4 ,5 For a composition in the vicinity of 1-x-0.63, a morphotropic phase

3 boundary exists anc separates two ferroelectric phases (tetragonal 4mm and orthorhombic

m2m). It is reported when a composition is close to the MPB, many useful physical

propertIes would be enhanced (e.g., dielectric constant6 ,7, piezoelectric coefficient7 , and

pyroelectric coefficient s ) and are essentially temperature independent. It is thus of

theoretical and practical significance to study MPB PBN compositions.

So far, no phase transition has been reported for PBN system at a temperature
below the ferroelectric-paraelectric phase transition Tc. However, a strong low3 temperature dielectric dispersion behavior was found by Sankar et. al.(1987) 9 . This

dielectric relaxation phenomena appeared at a low temperature (-- 1300C) in an a-axis3crystal with tetragonal symmetry (Pbo.56Ba 0.4Nb 2O 6) and in a c-axis crystal with

orthorhombic symmetry (Pbo. 65Bao. 35Nb 2O6). Knowledge about such 'unexpected'

low temperature behavior, is very limited as far as the physical meanings of the

phenomena are concerned. However, it is known that all relaxors have the possibility of

more than one type of ions at identical crystallographic positions (Smolenskii and

Isupov,1954) 10 , as is the case for PBN where both Ba2 * and Pb2 +1 can occupy the same

site A2 (15-coordinations). Also, relaxor ferroelectrics show similar dielectric relaxation

3 properties at ferroelectric-paraelectric phase transition temperatures. So a thermally

agitated dipole fluctuation model has been proposed (Cross,1987) 11 to interpret theI
U



R.GUO, A.S. BHALLA, C. A. RANDALL and LE. CROSS 3
relaxor-type behavior of PBN. Further experimental evidence is desired to substantiate

the validaty of the model.

In this paper, we report on the temperature and frequency dependences of

dielectric properties of MPB PBN single crystal at low temperature range. We also report I
the results on low temperature pyroelectric properties of MPB PBN. More understanding
about the nature of the morphotropic phase boundary is gathered from such studies. 3

Large dielectric relaxation phenomena has been encountered for MPB PBN single
crystal in a non-polar direction at low temperature (T<210K) and over a broad frequency 3
range (102-106Hz).

Low temperature properties of MPB PBN single crystals have been measured by
direct charge measurement. A small polarization component has been detected in a non- I
polar direction at low temperature.

There is no evidence found for phase transition at low temperature in PBN 3
system.

Chemical inhomogeneity destroys local translational symmetry, and hence
perturbs direction of polarization away from macroscopic symmetry direction on a
nanoscale (10-6 -10-9 m in linear dimension). Such perturbation is a thermally activated

process and dynamic in nature. Thus, dielectric relaxation can be detected in a non-polar

direction when thermal energy is comparable with potential barrier height of local

polarization state. A thermally agitated polarization perturbation model has been I
suggested to explain the small "frozen-in" polarization component detected in a non-polar

direction at very low temperature by pyroelectric techniques.

-EERNC ES
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DIELECTRIC AND PYROELECTRIC PROPERTIES OF THE MORPHOTROPIC

PHASE BOUNDARY LEAD BARIUM NIOBATE (PBN) SINGLE CRYSTALS AT5 LOW TEMPERATURE (10 - 300K)

I R.GUO, A.S. BHALLA, C. A. RANDALL and L.E. CROSS

Materials Research Laboratory

The Pennsylvania State University

1 University Park, PA 16802, USA

I
Abstract Low temperature (10-300K) dielectric and pyroelectric properties of

morphotropic phase boundary lead barium niobate tungsten bronze ferroelectric

3single crystals have been investigated. Strong 'Debye-like' dielectric dispersion,

along a non-polar direction (perpendicular to the polarization direction), has been

3 observed and characterized by dielectric spectrum techniques. A direct charge

measurement method has been used to study the low temperature pyroelectric

I properties in polar and non-polar directions. A 'frozen-in' polarization component

in a non-polar direction is also reported. The low temperature relaxation effects are

explained by the internal reorientation polarization perturbation and a thermally

3 agitated local dipole fluctuation model.
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INRODUCION

Lead barium niobate (Pbl.xBaxNb206, PBN) is one of the oxide octahedron-type I
ferroelectrics with a tungsten bronze-type structure.,2,3 The crystal has a prototype

symmetry of tetragonal 4/mmm at a temperature higher than Tc (see Table I.). At T<Tc, the

crystal possesses either a ferroelectric tetragonal phase 4mm (for l-x<0.63) with a 3
polarization vector along [00 11 direction or a ferroelectric orthorhombic phase m2m (for 1-

x>0.63) with a polarization vector along the [ 1101 direction (referring to the prototype m

symmetry). 4 ,5 For a composition in the vicinity of 1-x-0.63, a morphotropic phase

boundary (MPB) exists and separates two ferroelectric phases (tetragonal 4mm and m

orthorhombic m2m). It is reported when a composition is close to the MPB, many useful m

physical properties would be enhanced (e.g., dielectric constant, 6 ,7 piezoelectric

coefficient, 7 and pyroelectric coefficient8 ) and are essentially temperature independent. It is 3
thus of theoretical and practical significance to study MPB PBN compositions.

So far, no phase tm tion has been reported for the PBN system at a temperature m

below the ferroelectric-parmelectric phase transition Tc. However, a strong low temperature

dielectric dispersion behavior was found by Sankar et. al..9 This dielectric relaxation

phenomena appeared at a low temperature (-- 1300C) in an a-axis crystal with tetragonal 3
symmetry (Pb.56Bao.4,Nb 2O 6) and in a c-axis crystal with orthorhombic symmetry

(Pbo.65Bao.35Nb206). Knowledge about such 'unexpected' low temperature behavior is m

very limited as far as the physical meanings of the phenomena are concerned. However, it

is known that all relaxors have the possibility of more than one type of ion at identical m

crystallographic positions, 10 as is the case for PBN where both Ba 2  and Pb2 + can occupy 3
the same site A2 (15-coordination). Also, relaxor ferroelectrics show similar dielectric

relaxation properties at ferroelectric-pamelectric phase transition temperatures. So a 3
thermally agitated dipole fluctuation model has been proposed 1 to interpret the relaxor-type I
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-- behavior of PBN. Further experimental evidence is desired to substantiate the validity of

the model.

In this paper, we report on the temperature and frequency dependences of dielectric

5 properties of MPB PBN single crystals in a temperature range from 10 to 300K. We also

report the results on pyroelectric properties of MPB PBN in the same temperature range.

More understanding about the nature of the morphotropic phase boundary is gathered from

3 such studies.

3 EXEFRIMENTAL PROCEDURE

I Single crystal specimens used for this investigation were several millimeters in size and of

optical quality. These crystals were grown by a Czochralski pulling technique. The

chemical compositions of the crystals were characterized by electron microprobe analysis.

3 PBN65, PBN61.5, and PBN57 were chosen as representatives for this study. The

composition quoted in the text, tables, and figures is as PBN(l-x)% where (l-x)% is the

3 mole percent of PbNb20 6 in Pbl.xBaxNb 20 6 composition. Several physical properties

measured for these specimens are listed in Table I. Crystal specimens were oriented, cut,

I polished, and electroded with sputtered Au for dielectric and pyroelectric measurements.

SMeasurements of dielectric constant and loss tangent as functions of temperature

(80K - 300K) at discrete frequencies (ranging from 100Hz to 100KHz) were made by

3 using a computer interfaced automatic measuring system LCR meter (HP4274A, Hewlett-

Packard) by standard techniques. Complex dielectric constants were obtained from

I impedance and phase angles measured in a range of frequencies (10 to 107Hz) and at

discrete temperatures ranging from 10K to 300K using a RF impedance analyzer

(HP4192A, Hewlett.Packard). The real and imaginary parts of the dielectric permittivity

3 were calculated based on a simple parallel RC circuit model by using a separate computer

program.I
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Low temperature pyroelectric measurements were carried out by using a direct 3
charge measurement technique. 12 Figure 1. shows the experimental arrangement for the

pyroelectric measurement. To achieve accurate measure of pyroelectric charge, a low 3
leakage and low dielectric absorption polystyrene capacitor CFB (-0.2pLF) is connected

across an operational amplifier of an electrometer (Keithley 619) through a shielded I
feedback loop. The pyroelectric charge Q released by a previously poled sample (typically,

at a field of >3KV/cm) as the temperature increases is instantaneously transferred to the

feedback capacitor and this maintains zero-field conditions across the amplifier input. The

output voltage Vow - Q/CFB gives a direct measure of the pyroelectric charge Q and hence

the change of the spontaneous polarization, ,Ps, as Aps - Q/A, where A is the electrode 3
area of the sample. Since the field across the crystal is zero, the conduction current through

the crystal is zero and the measurement is not affected by the crystal resistance, then, I
Vot - A(APYCf - Ap(&TYtFB (1)

where p - (AP.) &T) is the pyroelectric coefficient. Hence we have

(AP s) - VoWCFWA (2) 3
p - VoutCFE/A(AT) (3)

A cryogenic refrigeration system (APD, Cryogenics Inc.) has been used for low I
temperature measurements. The sample mounted inside an expander module was kept in

vacuum (- 10-torr). Temperatures as low as 10K can be achieved. A linear heating rate of

60C/min has been used throughout the pyroelectric measurement. To eliminate the effect of 3
space charge, samples were short circuited for at least 30 minutes at starting temperature

prior to measurement. 3

RESULTS AND DISCUSSIONI

I
Dielectric S2ocMm

a) Temperature Behavior 3
I



I

n Dielectric constant and loss factor tang of single crystals PBN57, PBN65, and PBN61.5 as

3 functions of temperature and discrete frequencies are shown in Figures 2, 3, and 4

respectively with the x-axis drawn as temperature. It is clear that for the MPB composition

crystals, there is a profound dielectric dispersion along a non-polar direction at low

temperatures far below the main ferroelectric-paraelectric phase transition. For PBN57

m (tetragonal 4mm), the polarization vector is parallel to the [001] direction; thus a large

dielectric relaxation is found for crystal directions perpendicular to [00 11, Figure 2. For

PBN65 (orthorhombic m2m), the polarization vector is parallel to the [ 110] direction but a

3 large dielectric relaxation can be found along the [00 11 direction, Figure 3. Figure 4 shows

a dielectric relaxation behavior similar to Figure 3 since like PBN65, PBN61.5 belongs to

3 orthorhombic symmetry at low temperature. In general, we find a strong resemblance

between the low temperature dielectric relaxation behavior of PBN and a Debye-type

relaxation in that the dielectric maximum shifts to higher temperatures at higher frequencies.

Same results were obtained by using different electrode assemblies (e.g. sputtered gold or

air-dry silver paste), that indicates such relaxation phenomena are essentially irrelevant to

3- the contact resistance and capacitance.

The activation energies of such relaxation processes have been estimated by using a

IDebye model. According to the condition of maximum dissipation factor and dependence

of relaxation time on the activation energy in Debye theory, the values of 0.130eV,

0.242eV, and 0.246eV for PBN57, PBN65, and PBN61.5 are obtained respectively.I
b) Frequency Behavior

3 Figures 5(a) and 5(b) show the components of the complex dielectric constant of an a-axis

PBN65 single crystal (orthorhombic) versus log(freq.). As can be seen at very low

I temperature (T<30K), K is almost independent of either frequency or temperature. At a

much higher temperature (T>210K), K' again is independent of frequency, except for the

high frequency end which we believe is due to the influence of piezoelectric resonance.
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The very low frequency end is mostly due to the superimposing of direct conductivity and a

relaxation contribution. At the temperature range from 50K to about 190K, strong 3
anomalous dispersion in K' (Figure 5(a)) and broad maxima of K" (Figure 5(b)) are

observed. It is clear that this relaxation is clamped at both low and high temperatures. 3
A Cole-Cole plot is shown in Figure 6 for an a-axis crystal of PBN57 (tetragonal).

The broad Cole-Cole 'circular-arc' indicates a broad distribution of relaxation times if the I
Debye relaxation concept is invoked.

Low Temnenaure Pvroelectric Pronerties 3
Spontaneous polarization changes in the temperature range 10K to 300K for three

different samples (PBN57, PBN61.5, and PBN65) in six different orientations (parallel 3
and perpendicular to the polar directions) are shown in Figure 7. Note that for all three

compositions at temperatures well below 300K, polarization changes parallel to the polar I
axis are an order of magnitude smaller than those perpendicular to the axis, with no

obvious discontinuities reflecting ferroelectric transitions. Also, along the non-polar

direction, there is a continuous build-up of polarization when cooling at temperature below 3
-140K, and this varies with composition. Pyroelectric coefficients have been calculated

for each crystal orientation according to Equation (3), as plotted in Figure 8. It is evident 3
that pyroelectric coefficients for crystals from polar directions are basically flat and at least

an order of magnitude smaller than those in non-polar directions. Although the

pyroelectric coefficient in a non-polar direction is larger compared with that of a polar 3
direction, it is still much smaller than that of a polar direction near a ferroelectric-

paraelectric phase transition. Most importantly, the polarization onset in the non-polar 3
direction occurs at a similar temperature to where the dielectric relaxations are founo

(Figures 5 and 6). 3
The pyroelectric measurement results (by direct charge measurement) have been

I
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range from -80K to ambienttemperature. It appears that the pyroelectric coefficient

values deduced from different techniques agree fairly well.

At very low temperatures, all dipoles are practically frozen and there is no

contribution to the pyroelectric coefficient. However, a small peak in pyroelectric

coefficient can be found for every sample at about 30K. The mechanisms of this behavior

is not clear. A theoretical discussion related to this phenomenon may be found in the

3 work of Glass and Lines. 15

I Possible Ortisins of Low Temperature Dielectric and Pvroelectric Behavior

At very low temperatures, all ferroelectric domains are frozen. So there is little possibility

of domain wail movement contributing to the low temperature dielectric relaxation.

3 Hopping charges of either electronic or ionic nature may give rise to very similar

dielectric behavior with the orientation of permanent dipoles. The important distinction

Ilies in the degree of localization of these carriers: an electron or an ion confined to hopping

between two preferred positions is indistinguishable from a dipole. 16 However, as we are

going to point out below, the relaxation phenomena at low temperatures cannot be of a

simple dipolar reorientational kind owing to the large dipole moment predicted and that it

also implies that the hopping distance must be too large to be realistic. Thus the charge

hopping model has been excluded.

The simplest form of dielectric response, and prototype for many discussions, is

the behavior of Debye-type. 17 It is apparent that our results of dielectric dispersion have

very broad distributions of relaxation times if Debv, relaxation model is used. However,

by a simple calculation using a double well energy model, one can find that the Debye

model is not suitable in this case. Under an electric field E, the energy barrier for a dipole

moment, q8, where 8 is the separation between the negative and the positive charge q, is

(H-q8E) where H is the activation energy in absence of a field. At a temperature r,

where T is defined at (AP/AT)- maximum, we can make the approximation (H-qSE) -
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kT, where k is the Boltzmann constant. Then the dipole displacement, 8, can be

deduced. Taking PBN57 as an example for which an activation energy H-0. 130eV was 3
already derived from dielectric measurements, under a poling field of E-3KV/cm, for

T'- lOOK, one then gets 8-400nm (too large for a Debye-type description) if taking q as I
the charge of an electron. So a relaxor ferroelectric-type approach rather than a

conventional dipolar model is needed.

I
Polarization Fluctuation Model

We suggest a thermally agitated local polarization fluctuation model in order to give

satisfactory explanation for the low temperature dielectric and pyroelectric properties in

MPB PBN single crystals. This model is based strongly on the concept of the U
superpamelectric relaxor as suggested by both Smolenskii 10 and Cross1 1. 3

In general, we consider the single domain state of a ferroelectric as having an

uniform polarization. However, here we are considering the influence of nanoscale 3
chemical inhomogeneity in the Ba2+ and Pb2  distribution within the PBN. Since we are

considering a macro-composition close to a MPB which separates two orthogonal 3
orientations of polarization, the local chemical fluctuations of Ba2  or Pb2 + content are

sensitive to the perturbation of the polarization. This perturbation of the polarization is not I
only a change in magnitude but also an orientation deviation. The orientation deviation 3
resulting from the two orthogonal polarization orientations can occur at either side of the

MPB. 3
These perturbations give rise to local polarization states about the macro-

polarization state within the single domain. So spatially there is a modulation of slightly I
differing polarization thmughout a domain.

Figure 9 shows the schematic model of the domain state as described above. An

angle 0(T) can be regarded as a measure of angular deviation of the polarizatio vector 3
I
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compared to the macro polarization orientation. As one may expect, 8(T) is very small. A

simple evaluation from the experimental data shows that O(T) is less than two degrees.

I The local polarization states differ slightly from the macro-polarization state.

Activation energies Hi separate those local polar states in energy wells superimposed upon

the macro-polarization energy well. At high temperatures these barriers are insignificant to

the bulk thermal energy. However, at lower temperatures (30K<T<2 1 OK approximately),

I these activation barriers are comparable to thermal energy kT. This allows for relaxation

processes to be thermally excited from one perturbed polarization state to another. Owing

to the distribution of activation energies, Hi, the dielectric relaxation (internal

reorientations of dipole groups) will have broad relaxation time distributions and yield

broad Cole-Cole plots.

Applications of an external electric field, E, parallel to the non-polar orientation

allows a poling to exist within the local polarization states. The external electric field

deepens the perturbation energy wells in one direction allowing for a component of

I polarization to be 'frozen-in' along a non-polar orientation of PBN. This is schematically

represented in Figure 9(b), and accounts for the pyroelectricity in the non-polar orientation

at low temperature.

We wish to emphasize that PBN is a different type of relaxor ferroelectric.

IUsually, the relaxor is considered as having local polar microregions (10- 1000nm) in a

paraclectric matrix. However, here we are considering a polar matrix which has local

perturbations. At higher temperatures, there is a feffoelectric-paraelectric phase transition

1which has long-range cooperative interactions between dipoles to form macrodomains.

But, at lower temperatures, perturbations from the original polar direction allow for

Ithermally excited relaxations to occur and give dielectric anomalies and pyroelectric

coefficients in unexpected non-polar directions and thus qualitatively explain the results

1 presented here.

I
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ISUMMARY

Large dielectric relaxation phenomena has been encountered for MPB PBN single crystal

in a non-polar direction at low temperature (T<210K) and over a broad frequency range 3
(102-10 6Hz).

Low temperature proptrties of MPB PBN single crystals have been measured by

direct charge measurement. A small polarization component has been detected in a non- 3
polar direction at low temperature.

There is no evidence found for ferroelectric phase transitions at low temperature in 3
the PBN system.

Chemical inhomogeneity destroys local translational symmetry, and hence perturbs I
the direction of polarization away from the macroscopic symmetry direction on a

nanoscale (10-6 -10-9 m in linear dimension). Such perturbation is a thermally activated

process and dynamic in nature. Thus, dielectric relaxation can be detected in a non-polar 3
direction when thermal energy is comparable with potential barrier height of the local

polarization state. A thermally agitated polarization perturbation model has been suggested 3
to explain the small 'frozen-in' polarization component detected in a non-polar direction at

very low temperature by pyroelectric techniques. I
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I FIGURE CAPTIONS

FIGURE 1. Experimental arrangement for the pyroelectric measurement.

FIGURE 2. Temperature dependence of dielectric constant (K') and loss factor (tanS)

for PBN57 single crystal along [ 1001 direction at various frequencies ([ 1001

a non-polar direction).

FIGURE 3. Temperature dependence of dielectric constant (K) for PBN65 single

crystal along [0011, [0101 and [100] direction at various frequencies ([0011

U a non-polar direction). Also shown in dashed lines are the temperature

dependence of loss factor (tanS) along [001) direction.

FIGURE 4. Temperature dependence of dielectric constant (K') for PBN61.5 single

crystal along [0011, [ 1101 and [ 1001 direction at various frequencies ([0011

a non-polar direction at low temperature). Also shown in dashed lines are

3 the temperature dependence of loss factor (tanS) along [00 11 direction.

FIGURE 5. The complex components of the dielectric constant of an a-axis PBN65

Isingle crystal (orthorhombic) versus log(freq.) at different temperatures: (a)

3 the real part (K') and (b) the imaginary part (K").

FIGURE 6. Cole-Cole plot for an a-axis crystal of PBN57 (tetragonal) at different

temperatures.

FIGURE 7. Spontaneous polarization changes in temperature range 10K to 300K for

--- three different samples (PBN57, PBN61.5, and PBN65) in (a) parallel, and

(b) perpendicular to the polar directions.

FIGURE 8. Pyroelectric coefficients in temperature range 10K to 300K for three

different samples (PBN57, PBN61.5, and PBN65) in (a) parallel, and (b)

perpendicular to the polar directions.

FIGURE 9. A schematic drawing of the thermally agitated local polarization fluctuation

model.
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Polarization Mechanisms of Morphotropic Phase Boundary Lead Barium Niobate (PBN)

Compositions

R. Guo, A.S. Bhalla, C.A. Randall, Z.P. Chang, and L.E. Cross

Materials Research Laboratory
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I University Park, PA 16802

USA

I ABSTRACT

3Investigations of the polarization mechanisms in tungsten bronze relaxor

ferroelectrics, Pbl.xBaxNb2O6 (PBN[(1-x)%]) in particular, and of the morphotropic phase

I boundary compositions, have been carried out for both ceramics and bulk crystals by

means of electrical, thermal, optical, and electron microscopic methods. Relations of phase

transition behavior with compositional and polarizational fluctuations have been carefully

5 studied. Instead of a sharp boundary composition, it is found that a rather wide

composition range, l-x - 0.63 ± 0.03 in Pbl.xBaxNb206, corresponds to the

orthorhombic and tetragonal morphotropic phase boundary. It is demonstrated with the

help of optical conoscopic interference figures that for the near-morphotropic phase

boundary single crystal PBN of tetragonal symmetry, the polarization vector can be

3switched orthogonally to an orthorhombic phase simply by the application of an electric

field, which authenticates optically the 90 degree polarization rotation. Transmission

3 electron microscope (TEM) study in the temperature range from -1800C to room

temperature revealed the presence of incommensurate ferroelastic domains in the

Imorphotropic phase boundary composition PBN crystals. In light of the above observed

I
I
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experimental data, the polarization mechanisms of the morphotropic phase boundaryI

compositions are discussed in terms of qualitative thermodynamics. 3
U
I
1
I
I
I
I
I
I
I
I
I
I
I
I
I
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3 I. INTRODUCTION

3 Tungsten bronze ferroelectric lead barium niobate solid solution system,

Pbl.xBaxNb2O6 (PBN[(I-x)%]), has received considerable attention fora number of years

after the initial investigation carried out in late 1950s. 1-7 However, ferroelectric PBN has

3 recently become increasingly interesting, mainly because of its unique properties as being a

tungsten bronze type ferroelectric relaxor with a morphotropic phase boundary (MPB)

I separating a tetragonal ferroelectric phase 4mm (with polarization dipole along [00 11) and

an orthorhombic ferroelectric phase m2m (with polarization dipole along [1101).8 - 12

I Extraordinarily large dielectric,8 , 10 piezoelectric, 10 and pyroelectric 13 properties of

morphotropic phase boundary PBN compositions have been reported confirming what is

expected by applying Landau:Ginsburg:Devonshire thermodynamic phenomenology

theory. It is of interest to investigate the characteristics of such morphotropic phase

boundary composition PBN since a 90 degree polarization switch as well as other enhanced

3 properties near the MPB could be of potential application in electro-optic, piezoelectric, and

pyroelectric devices.

I Work in this laboratory has included a comprehensive investigation of the

3 polarization mechanisms in tungsten bronze type relaxor ferroelectrics, in particular of the

morphotropic phase boundary composition PBN. In the present paper the results of

3 electrical, thermal, and optic properties and TEM studies are described, and are interpreted

in terms of the thermodynamic theories. An optical conoscopic interference pattern shows

3 the electric field induced phase transition from one ferroelectric phase to the other. TEM

studies reveal the coexistence of ferroelectric tetragonal and orthorhombic phases and the

incommensurate ferroelastic domains. Full accounts of the individual details will be given

3 in separate publications.

The composition quoted in the text, tables, and figures as PBN[( 1-x)% whereI
I
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(I-x)% is the mole percent of PbNb2O6 in Pb1.xBaxNb2O6 composition, refers to the post-

growth analytical composition as determined by electron microprobe analysis. The crystal 1
orientations used in this paper are based on the prototype tetragonal 4/mmm symmetry

unless otherwise specified. 3

11. PREPARATION OF SPECIMENS I

The ceramic specimens were prepared from high-purity chemicals using the

conventional techniques of milling, prefiring, crushing, pressing, and firing. The 3
specimens were prepared in the form of disks - 10 mm in diameter and - 1.2 mm thick.

The final sintering temperature and time, which depended on composition, ranged from 3
12800C to 13200C for I to 6 hours. To compensate for the PbO loss during calcining,

3 wt% of excess PbO was added. Well reacted PBN ceramic pellets with 90 to 96% of

theoretical density and 3 to 6 micrometer grain size were produced. I
Single crystal specimens used for this investigation were prepared by the

Czochralski pulling technique. Starting from high purity chemicals, the charge was heated 3
in a Pt crucible by RF induction heating up to the melting temperature. Crystal was then

withdrawn at a rate of 1 to 2 mm/hour along with rotations of crucible and the crystal I
boule. The crystal was slowly cooled to room temperature in 48 hours. Single crystals of

the size of several millimeters of optical quality were thus grown even though there was

some cracking problem during the slow cooling when they passed through the paraelectric I
to ferroelectric phase transition.

The chemical compositions of the specimens were characterized by electron 3
microprobe. Three crystal compositions, PBN57, PBN61.5, and PBN65, had been

chosen as representatives for this study. Ceramic and single crystal disk specimens were

electroded by vacuum sputtered Au (or Pt in the case of high temperature measurements)

after orientating, cutting, and polishing for electrical measurement. Bar shaped samples I
I
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from single crystal were also prepared for thermal expansion measurement. For TEM

3 study single crystal samples were prepared by ion-beam thinning.

I [II. MEASUREMENT TECHNIQUESI
A. Dielectric Properties

3 Measurements of permittivity and loss tangent at low field were made using a

computer interfaced automatic measuring system LCR meter (Model HP4274A, Hewlett-

U Packard) over wide temperature (-1800C - 500oC) and frequency (102 - 10 Hz) ranges.

A Delta design environment chamber covers the temperature range -1800C to +2400C. A

vertical tube Kanthal wound furnace was used for the temperature range from room

3 temperature to 5000C.

B. Thermal Expansion

Thermal expansion measurements were carried out from room temperature up to

about 5000C by using a high sensitivity linear variable differential transformer (LVDT)

I dilatometer (Model 7/24DCDT-250, Hewlett-Packard). Heating/cooling rate of 0.5OC/min

was chosen and regulated by a microprocessor based temperature controller. The specimen

was mounted inside a fused silica holder which was set upright in a vertical furnace, and

3] the thermal strains were measured by LVDT and recorded on an X-Y recorder.

C. Optical Measurement

-- A Leitz polarizing microscope was used for the optical measurement. To observe

the conoscopic interference figure, an objective lense of numerical aperture 0.50 was used.

I- White light was used as light source. The PBN57 crystal was oriented so that its optic axis

3 [0011 was parallel to the transmitted plane polarized light. Sputtered Au electrodes on

(110) face of the crystal were deposited and fine silver wire were soldered to the faces and

3 then connected to an DC power supply. Interference figures were observed through the

eyepiece and recorded by camera.

I
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IV. PROPERTIES OF MPB PBN 1
A. Dielectric Properties and Phase Diagram I

The permittivity-temperature curves for various compositions near the MPB are

given in Figure 1. These curves show that a maximum in permittivity and a minimum in

the Curie temperature (represented by the temperature at which the permittivity peak occurs

at IKHz) are in the vicinity of 1-x - 0.63. Decreases in permittivity and/or increases in

Curie temperature can be seen when the PbNb206 content in PBN is away from 63 mole

percent. The variation of the permittivity as well as the phase transition temperature with

composition is consistent with the results reported previously.2,7 It is revealed by x-ray I
diffraction pattern (not shown here) that as the lead niobate content is increased up to 63

mole percent (compare to 60 mole percent reported by Smolenskii2 and Baxter et al.4 and

65 mole percent by Subbarao 3), the orthorhombic distortion starts to dominate. With a I
further increase in the lead niobate content, the tetragonal symmetry (4mm) is then changed

to an orthorhombic (m2m) distortion, as described by Francombe5 . However, over the 3
range where PbNb206 content is 60 to 66 mole percent, it is evident by x-ray that the two

structures coexist and appear nearly equal in ratio at 63 mole percent of PbNb2O6 . I
Since the dielectric properties shown in Figure 1 are average properties measured 3

on ceramic samples, it is more desirable to know the dielectric behavior along different

orientations of PBN single crystals. Figures 2(a), (b), (c), and (d) show the dielectric 3
properties for three crystals of the compositions close to the morphotropic phase boundary.

Each conveys unique information about the typical dielectric behavior in different symmetry 3
systems. Since there is no coupling between four-fold and two-fold axes in the prototype

4/mmm symmetry, different modes of polarization are seen in orthorhombic m2m

symmetry (Figure 2(a), Curie temperature TcI -2900C) and in tetragonal 4mm symmetry I
(Figure 2(b), Curie temperature Tc3 -3200C) respectively. Figure 2(c) and 2(d) show the U

I
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3 crystal PBN61.5 actually goes through a phase transition from ferroelectric m2m to

ferroelectric 4mm as temperature increases up to about 1200C and then eventually to a

Iparaelectric state at Tc (- 2900C).

3 Hence PbNb 2 0 6-BaNb 2O 6 phase diagram can be redrawn by adding our

experimental data into the previously reported phase diagram 3 as shown in Figure 3 in

3 which a curved morphotropic phase boundary into the Ba-rich side between ferroelectric

m2m and ferroelectric 4mm has been indicated.

I Large thermal hysteresis in dielectric properties has been observed for both single

crystal and ceramic samples at the ferro-para phase transitions, and such hysteresis tends to

be maximum when the composition is near the MPB particularly from the orthorhombic

3 side. Figure 4 shows the hysteresis of dielectric permittivity for the single crystal PBN65

(measured along <I 10> direction) as an example. As can be seen in Figure 4, heating and

cooling cycles reveal quite different characteristics of the crystal properties, with the

cooling cycle showing much more dispersive behavior. The large hysteresis is believed to

I be due to the coexistence of two ferroelectric phases which have very close free-energies.

Large dispersion of the dielectric constants observed for MPB PBN samples is suggestive

of the relaxor-type phase transition. The chemical compositional distributions and micro

3 polar regions merging into macro polar regions give rise to a frequency dependence of the

dielectric constants.

3 B. Thermal Expansion

Thermal strain measurements of single crystal PBN61.5 are shown in Figure 5. As

mentioned earlier in this paper, PBN61.5 is orthorhombic m2m at room temperature,

3 tetragonal 4mm at temperatures above about 1200C and tetragonal 4/mmm in a paraelectric

phase at temperatures above Curie temperature which is about 2900C, as determined by the

3dielectric measurement. A fairly good correspondence can be found between dielectric and

thermal expansion measurements. When heated from room temperature, spontaneous

I strain built up along the c-axis and along the [ 1101 direction it started to reduce slowly.

I
I
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When heating continuously up to 1200C, large contraction can be observed for both the U
[0011 and [1101 directions while xi remains almost constant, whereas xi and x3 start to 3
increase when x[ IIo is almost constant until the ferroelectric-paraelectric phase transition

temperature is reached. Large thermal hysteresis can be seen very clearly in Figure 5(a) 3
where the orthorhombic distortion is not dominant until down to room temperature.

Poling along c-axis can generate strain in [1101 direction and make the orthorhombic to I
tetragenal phase transition to take place at a lower temperature as shown in Figure 5(c). g
C. Optic Conoscopic Interference Pattern

Figure 6(a) shows the interference figure of the PBN57 single crystal at room 3
temperature without any applied electric field. It is a typical uniaxial interference pattern

consisting of cross isogyres concentric with a series of circles of isochromes and

perpendicular to x and y, the principal vibration axes respectively (a reference for details of

interference figure can be found, e. g. Ref. 14). As expected for tetragonal systems, the I
crystal is always at extinction position under the crossed polarized light. 3

By applying a DC field up to 20 KV/cm on to the crystal in a direction parallel to

[1101, a biaxial interference figure was observed while rotating the stage, as shown in 3
Figure 6(b). The trace of optic plane can be seen lying in [1101 direction with the two

melatopes indicating the outcrop of light rays that traveled along the optic axis while inside 3
the crystal.

Depending on the applied electric field as well as the poling history of the sample,

the melatope position changes along the I 1101 direction at different distance away from the 3
center of the crossed Nicols. As shown in Figure 7, from 7(a) to 7(d), by reducing the

poling field gradually, a systematic change of the melatope positions can be observed.

Applying electric field again, but in [00 11 direction, the crystal can be switched back to its

original tetragonal state, but incompletely. A thermal annealing at 5500C for 5 hours can I
bring the crystal essentially back to the original tetragonal state.

I
I
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The optical conoscopic study shows that it is possible to switch the electrical

3 polarization vector P3 /0011 of tetragonal phase to a P1//[ 1101 of PBN57 single crystal.

We believe this is the first report which suggests the possibility of orthogonal switching of

the electric polarization associated with the crystallographic phase change of the MPB

3 composition crystals. It is evident from this study that the direction of the polarization

vector in the MPB composition crystals can be controlled by the application of externally

5 applied field and such features may be explored for new optical devices.

D. TEM Study

I TEM study was done by using diffraction contrast techniques and a liquid nitrogen

cooled stage. The domain microstructures were deduced for PBN compositions across the

phase diagram. Figure 8 shows 1800 domain in tetragonal PBN, and Figure 9 shows 900

3 twins and 1800 domains in orthorhombic PBN. For compositions close to the

morphotropic phase boundary these macrodomains are found to coexist with some micro-

aligned domains - 100A separation which may be associated with the perturbation of the

tetragonal and orthorhombic polar directions owing to the local symmetry effects, but

I further work is required. Dark-field imaging shows the discommensurations which are

associated with an octahedral rotation in (1101 directions to be coupled to the ferroelectric

displacements in the orthorhombic ferroelectric symmetries. Figure 10 shows

j discommensuration microstnuctures in orthorhombic PBN75.

The TEM study reveals the manner in which the polarization manifests itself in the

I various ferroelectric symmetries. There exists only 1800 ferroelectric domains in 4mm,

and in m2m there exists both 900 twin like domains and 1800 domains in the a-b plate. An

incommensurate phase similar to those discovered in the other tungsten bronzes BNN

I(Ba 2NaNb5 Ol5) 15 and SBN (Srl.xBaxNb2O6) 16 exists in both ferroelectric phases in

PBN. These incommensurates exist at room temperature in tetragonal and orthorhombic

ferroelectric phases, however, the discommensuration density is much lower and better

defined on the orthorhombic side of the phase diagram. The origin of theI
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incommensuration is improper-ferroelastic and related to a superlattice involving octahedral I
tilts as represented schematically in Figure 11. The discommensuration structures seem to 3
be coupled to the 90 degree ferroelectric domains in the m2m phase. I
V. DISCUSSION 3

These studies have enabled us to find the relations among the electrical, thermal,

and optical effects and the crystal structure of PBN.

For ferroelectrir tetragonal PBN, I-x < 0.60 as shown in Figure 2(b), the sudden 3
drop in dielectric permittivity K3 when heating above the Curie temperature is achieved

through an abrupt contraction in the [0011 direction as indicated in Figure 5(a). Cooling

below the Curie temperature, a mirror plane perpendicular to [00 11 direction in prototype

4/mmm is lost presumably because of the Nb 5  (as well as Pb2  /Ba 2+ in Al and A2 I
positions) displacement along [0011 direction frm the surrounding oxygen ions, in a

manner similar to Srl.xBaxNb2O6' 7 , creating a ferroelectric polarization in tht t001 1

direction. A replacement of Sr 2  by Pb2+, as in this case, necessarily increases the 3
feedback action among cations and surrounding oxygens and raises the transition

temperature evidently.18  I
As the PbNb 20 6 content increased, the inhomogeneous distortion of the irregular

shaped octahedron (compared to the ones in perovskite structure), enhanced by the packing I
effect of Pb2  into A2 site (15 coordination site) and the puckering of the NbO chains in 3
both [0011 and [1101 directions, destabilizes the tetragonal structure.

For ferroelectric orthorhombic PBN, 1 - x > 0.65, the point group of the crystal 3
structure is m2m with its [0101 (in orthorhombic symmetry notation) direction in the [ 1101

direction of the prototype tetragonal phase. Large ferroelastic strain 'as been detected for I
PBN orthorhombic structure in [0011 and [ 101 directions as shown in Figure 5 for

temperature lower than - 1200C. It is suggested that the measured thermal strain in [0011

I
I
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direction is a collective puckering of the NbO6 octahedron chains along the c-axis. Since

I the chains of octahedra are comer-linked the shear displacements are essentially in the

opposite sense in successive c-layers and hence the c-repeat period is doubled, similar to

the observation by Tendeloo et al. 19 using TEM on ferroelectric-ferroelastic

I Ba 2NaNb5O1 5. The successive shearing of octahedron eases the displacement of Nb5

within the oxygen plane inside the octahedra, and no net polarization can exist along c-axis

in orthorhombic structure. Instead, both spontaneous polarization and ferroelastic strain

have been found in [ 110] directions.

I The polarization and ferroelastic strain can be interpreted as follows:

As more Pb 2+ replaces Ba 2  and occupies the A2 site, structural energy would be

lower for a structure with lower symmetry (i.e., orthorhombic m2m in this case), when

PbNb20 6 content reaches a critical ratio (i.e., - 63 mole% as determined experimentally).

This is partly because of the size difference between Pb2  (ionic radii-1.32A) and Ba2

1(ionic radii- 1.50A) and partly because of the peculiar "lone electron pair" covalent bonding

nature of Pb2+, similar to the role of Pb2 + in PbTiO 3. NbO6 octahedra are tilted or sheared

Iin the manner mentioned above along the c-direction of the unit cell to minimize the

electrostatic energy among cations and surrounding oxygen octahedra. In the same time,

tilting of octahedra about c-axis in the direction parallel to 1101 also happens in a

I corresponding way (because the O-Nb-O octahedral axes are not precisely parallel to the

c-axis17), as shown in Figure 1 . It is energetically favored that the unit cell would expand

in < 110> direction and contract in a perpendicular direction as we can see that this could be

achieved by distorting the B I octahedra (which is less distorted compared to B2 octahedral

I site) and empty C-sites permit such distortion to happen without structural difficulty. Such

Iargument seems to agree well with our experimental results. Thermal expansion

measurements on PBN61.5 showed the positive strain (expansion) built up in the [1101

j and [001 ] directions when the crystal system changes from tetragonal into orthorhombic as

temperature drops, whereas there is almost no strain change in [ 1001 direction. There isI
I
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also further evidence that TEM observed the incommensurate ferroelastic pattern which is

associated with clockwise and counterclockwise rotation of octahedra about c-axis in (1101 3
direction. Following such an argument, we can see (Figure 11) that the polar moment

(Nb 5 + displacement as well as the possible polarization contribution from Pb 2 ) in I
perovskite-like groups would give rise to a net contribution in [ 1101 direction, which is a

polarization direction for orthorhombic structure.I

It is anticipated that the shearing of the octahedra along c-direction and the rotation g
of the octahedra in [1101 direction, are coupled even though there is no possibility of

coupling in polarization modes in those two directions. The fact that poling along c-axis can 3
actually induce large strain in [1101 direction in PBN61.5 as shown in Figure 5(c) is an

evidence of such elastic coupling between [001] and 11101 directions in an orthorhombic I
structure. The structure itself is very sensitive to cotnposition changes, however, the defect

structure nature makes it behave as a buffer being able to accommodate the local chemical

inhomogeneities. Even though there is no statistical compositional change in a crystal, the 3
translational symmetry is interrupted due to the compositional fluctuations on a nanometer

scale and a morphotropic phase boundary with certain composition variation ranges is 3
found. The ferroelectric phases switching from one ferro phase to the other as a result uf

an applied electric field and observed by optical conoscopic interference figure can be I
explained by the suggested elastic coupling. Applying electric field in [ 110] direction of a

tetragonal PBN crystal, would stabilize dipole along [1101 direction first at locally

Pb2 -rich region and at the same time generate strain parallel to[ 1101 direction. Coupling 3
of the strain between [1101 and [00 11 nucleates the crystal structure into orthorhombic, a

biaxial optical figure is thus observed. Such electric field induced phase switch is fairly 3
stable because of the ferroelastic strain built up in c-direction. That is also why thermal

annealing is needed to revert the crystal back to the original symmetry. I
I
I
I
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The reason for large hysteresis in dielectric properties when the crystal is cooled

through the ferroelectric to ferroelectric phase transition could be explained by

thermodynamic theory-

The Gibbs' free energy of a crystal is given by

G = U - TS - EP - xX

where U, T, and S are internal energy, temperature, and entropy, respectively; EP is an

electric term; xX is an elastic term. The electric term is divided into two parts, i.e. a

ferroelectric part and a paraelectric part. Free energy change in the ferroelectric part is

expressed by -PsE. If the vector of Ps is antiparallel to the applied field, the free energy of

the system increases. If the direction of spontaneous polarization is parallel to the applied

field, the free energy of the system decreases. If the direction of spontaneous polarization

is perpendicular to the applied field, the free energy of a system stays unchanged. A

schematic drawing can be seen in Figure 12 to show the effects of the electric field applied

on the free energy change, where FT and FO relate to the ferroelectric tetragonal and

orthorhombic forms, respectively, and the subscripts 0, 1, and 2 correspond to the

respective cases that the electric field strength is zero, parallel to the [0011 direction and

parallel to the [ 1101 direction. When no electric field is applied, the free energy function

curve as a function of composition x can be qualitatively given by FTo for the tetragonal

and F0 for the orthorhombic phase. The intersection of FTo and F0 corresponds to the

morphotropic phase boundary. When an electric field is applied parallel to the direction of

[00* ] of the tetragonal symmetry, the free energy curve can be expressed by FTI and

FOI(FOI=FOO), by which the MPB can move to the barium-rich side (Q1). When the

electric field is applied parallel to the direction of[ 1101, the MPB can move to the lead-rich

side (R2) at the intersection of FT2 (FT2-FTo) and F02. The above two cases are

extremes. The two phases can coexist over a range of At between these extreme cases.

Applying electric field or mechanical stress in an appropriate direction can induce the
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forthcoming phase transition which is metastable even after removal of the field since it

must overcome stress produced between the host and the nucleus due to the growth. 5
At MPB compositions, the two ferroelectric phases intercept, which necessarily

means that those two neighboring phases, orthorhombic m2m and tetragonal 4mm are 3
energetically very much similar. A large thermal hysteresis on heating and cooling for

thermal expansion, Figure 5, can then be understood because a first order phase transition

can not take place until the latent heat stored is enough to accomplish the ene'gy needed for

rotation of polarization direction as well as for establishing the different elastic states.

In order to understand completely the ferroelectric polarization mechanisms of 3
tungsten bronze PBN, detailed study on relation of atomic arrangement to ferroelectric

polarization behavior is desired and the work in these directions are in progress. I
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FIGURE CAPTIONSI

3 Figure 1. Effect of composition on permittivity-temperature curves of PBN ceramics of

formula Pbl.xBaxNb206, a) I - x - 0.60 - 0.63; b) 1 - x - 0.63 - 0.66 at

iKHz.

3 Figure 2. (a): Dielectric property of single crystal PBN65 (mainly orthorhombic

symmetry m2m when T < Tc); (b): Dielectric property of single crystal

PBN57 (mainly tetragonal symmetry 4mm when T < Tc); (c) and (d):

3 Dielectric property of single crystal PBN61.5 (mainly orthorhombic m2m

when T < 1200C, and mainly tetragonal 4 mm when 120'C < T < Tc).

U
Figure 3. Phase diagram for PbNb 2O6-BaNb 2O6 solid solution system.I
Figure 4. Hysteresis on heating and cooling for K vs T for single crystal PBN65 (110-

face as an example).

I
Figure 5. Thermal strain vs temperature for PBN61.5 single crystal: a) X3, b) xi, and

3c) X[ I ol.

I Figure 6 (a) Conoscopic interference pattern for crystal PBN57 without poling and (b)

3 Conoscopic interference figure for crystal PBN57 after poling 20 KV/cm in a

direction parallel to [1101.

I
Figure 7. Conoscopic interference pattern of PBN57 under different electric field a) 17,

I b) 1.3, c) 0.8, and d) 0KV/cm.

I
U
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Figure 8. 1800 ferroelectric domains in tetragonal PBN with dipole aligned along the 3
<001> directions at room temperature. I

Figure 9. 900 and 1800 ferroelectric domains in orthorhombic PBN. I
Figure 10. Dark field image at room temperature of incommensurate phases reveals

discommensuratic microstructures in orthorhombic PBN. The contrast here

reveals coupling between incommensurate phases and 900 ferroelectric 3
domains. I

Figure 11. 2-D projection of tungsten bronze type structure viewed onto (001) plane

showing the octahedral tilting in the <110> directions about c-axis. (showing I
the ferroelectric polarization and its relation with strains in orthorhombic 3
m2m).

F
Figure 12. Schematic presentation of free energy versus composition.
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Fabrication of Optically Transparent Lead Magnesium Niobate
Polycrystalline Ceramics Using Hot Isostatic Pressing

Namchul C. KIm,* Dean A. McHenry,* Sel-Joo J. Jang,* and Thomas R. Shrout*
Materials Research Laboratory. The Pennsylvonlr State University, University Park, Pennsylvania 16802

The physical, dielectric, and optical properties of hot iso- In the utilization of HUP, however, the highly volatile and
statically pressed lead magnesium niobate polycrystalline reactive nature of PbO with the pressure vessel (rams, dies,
ceramics modified with 'A mol% La1O3, Pb,. , kLaOn etc.) generally requires the addition of excess PbO, which
(Mg,3Nbn)O,, have been investigated. Methods used to results in nonuniform grain growth and dielectric aging.2"
characterize the ceramics Included determination of the The closed pressure vessel also effectively provides poor
dielectric permittivity, optical transmittance, and refractive Pan atmosphere control, resultin$ in trapped PbO at the
index dispersion. The materials exhibited relaxor ferroelec- grain boundaries and triple points.' In addition, the pressure
tric type behavior with a peak dielectric constant X > 14000 vessel is such that it limits the possibility of various
and average T, - -35"C. Various sintering, hot isostatic sample geometries.
pressing, and annealing conditions were examined to pro- The purpose of this study was to prepare optically trans-
duce highly dense and optically transparesut materials, parent polycrystallinc ceramics of PMN by hot isostatic press-
Through the use of hot isostatic pressing, densities more ing (HIP). By first conventionally sintering PMN ceramics to
Than 99.5% theoretical and transmittance greater than 50% closed porosity (-92% theoretical) in a well-controlled PbO
at 633-nm wavelength were obtained. Hot isostatic pressing atmosphere, final densification by HIP could be made with-
technique appears to be a good alternative to hot unlaxial out encapsulants, PbO control, or geometrical constraints. To
pressing without the associated problem of PbO volatility, further enhance densification and to control grain growth, a
reactivity with the pressure vessels, and geometrical con- small amount of La,0 3 (1i mol%) was added."2 Characteriza-
straints. [Key words: hot isostatic pressing, niobates, lead, tion of the samples included density, dielectric, and optical
optical materials, polycrystalline materials.j property determinations.

1. Introduction It. Experimental Procedure

T ie fcrroelectric relaxor lead magnesium niobate Pb(Mg i,- (1) Sample Preparation
Nbn)O,, hereafter designated PMN, was first investigated Polycrystalline ceramic samples with the formula (Pb,_j,-

by soviet workers in the late 1950's.' Since that time, PMN La.)(MgjnNbn)Oi were prepared by solid-state reaction,
and its solid solution with PtfTiO 3 have been extensively stud- using the appropriate amounts of high-puiity (>99.99%) lead
icd for various applications such as multilaycr capacitors,2 oxide (PbO), magnesium carbonate (MgCO 3), niobium pen-
electrustrictive actuators. piezoelectric transducers, 7 and toxide (Nb2Os), and 'A mol% of lanthanum oxide (LaQ3,).
pyroelectric bolometers.' These applications are based on the It is important to note the significance of purity, in that
exceptionally superior dielectric and clectrostrictive proper- samples prepared using reagent-grade raw materials did not
ties exhibited by these materials."' result in sufficient transparency to allow optical property

Rclaxur ferroclectrics, such as PMN-bascd materials, are measurements.
cliaracierized by a diffuse paraclectric-ferToclectric phase Since perovskite PMN is difficult to prepare without the
trinsition due to effects related to compositional micro inho- appearance of undesirable pyrochlore phase(s), which can be
mogcneity,'" resulting in a broad Curie range rather than a detrimental to dielectric and optical properties, the columbite
distinct Curie temperature in the dielectric behavior. In addi- precursor method" was employed. As shown in Fig. 2, the
tion, the position of the dielectric constant maxima versus preparation of PMN:La consisted of two stages; the colum-
icrnpcrature curve is strongly frequency dependent in the bite, MgNb2O,, was first synthesized and then mixed with
riio frequency range, being shifted towards higher tempera- stoichiometric amounts of PhO and La2O, to form the perov-
turc with increasing frequency as shown in Fig. 1. skite structure. A small amount of excess PbO (about I mol%)

Recently, PMN-based relaxor ferroelcctrics prepared by hot was added to compensate for PbO volatility during calcination
uniaxial pressing (HUP)" have been investigated for possible and the preliminary sintering stage. Both the columbite and
use in etectrooptic applications. Their good eclectrooptic re- subsequent calcined PMN:La powders were examined by
sponse, fast switching time, and low half-wave voltage, Vn '

.
'  X-ray diffraction to ensure phase purity. Less than -2%

make these materials viable alternatives to the (Pb,La)(Zr.Ti)- pyrochlore phase was observed in the calcined powder.
0, (PLZT) compositions conventionally used in electrooptic Disks were prepared using poly(vinyl alcohol) (PVA) binder
devices such as optical shutters, modulators, displays, color fil- followed by burnout. Pellets were placed on platinum foil in
tcrs, and image storage devices. ' " ' In addition to their device closed alumina crucibles and sintered at temperatures of 1100"
potential, optical property measurements on relaxors can gen- and 1200°C for 4 h. The desired PbO-rich atmosphere was
crate information concerning the onset and degree of polar- maintained by placing small amounts of an equimolar powder
ization of microdomains, leading to a better understanding of mixture of PbO and ZrO2 in a small platinum boat. Once sin-
their diffuse dielectric behavior."9 tered, the specimens were hot isostatically pressed for 2 h at

temperatures in the range of 1000" to -1100°C in atmospheres
of air or a mixture of argon/oxygen under a pressure of

C. I flcrtons-caniributing editor 3000 psi (20 MPa) using a HIP system" schcmatically shown in

Manuscrip No. 196291. Received July 3.1989; approved Oct00ber 20. 1919.
"colmber. Amereafn Ceramic Soemey. 'Model 1IP 3000, Leco Co., St. Joseph, Mi.
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Fig. 1. Dielectric permittivity and dissi ation factor of PMN:La as a function
of frequency and temperature (1200t/4 siniecd and 1i]OOC/2 b hot isostati-
cally pressed in air).

Fig. 3. During HIP, no PbO control was required, as a result dielec -ic permittivity and dissipation factor were measured Iof the reduced volatility achieved by presintering the samples pseudocontinuously at various frequencies (0.1, 1, 10, and
and the relatively low HIP temperatures used. To further re- 100 kHz) as tft samples were heated from -60* to 180*C at a
duct: the level of PbO in the grain boundaries or triple points, rate of 2* to 4*C/min. The relative degree of dielectric aging
samples were annealed at 90(rC for I to 4 h. was determined by comparing the room-temperature dielcc- I

Characterization of the hot isostatically pressed samples in- tric permittivities during heating and cooling runs.
clutled determination of density using the Archimedes tech- 3 pia rnmtac
nique and gralln St7stanrig electron microscopy (SEM) of OpiaTrnmtnc
thermally etched surfaces. The surfaces of hot isostatically pressed ceramic samples

(2) ielctrc Prperiezwere ground and optically polished with diamond paste to
(2) ielctrc Prperiesprovide a mirrorlike surface. The optical transmittance was

The dielectric properties were determined on both sintered measured as a function of wavelength using a spectropho-
and hot isostatically pressed samples. Prior to the measure- tometer' in the range of visible and near-IR (300- to 800-nm
ments, the samples were ground and electroded with sputtered wav~el-,ngth).I
gold. An air-dry silver paste was also applied on the sputtered
surface to ensure good electrical contact. The dielectric incas- (4) Refractive Index (n)
urements were: carried out using an automated system consist- Dispersion of the refractive index in the visible was mecas-
ing of a temperature control box' and LCR meter.' ReJalive ured by the minimum deviation method on an optical spec-

________trometer described previously.t2 Prisms were cut and polished
'Model 2300. Delta Des'gn from the hot-pressed pellets and had apex angles of approxi-
'Models 4274A and 427M. ewleia-packaald Co mately 20". After optical polishing, the prisms were annealcd

for 30 min at 70(rC to relieve any residual polishing strains I
STEP I STEP 11 from within the samples. Several wavelengths were measured

from various sources (H 486.1 and 656.3 nm, He 587.6 and
[ighF r~ 7~e Pr P.dwI 667.8 nin, and Hg 435.1 and 546.1 nm spectral lamps. HeNe -

Mg= Nn20.& I
Bell M.N .h Alc Bell Miii with Alcohol 12300. Cary.

xi a RO. al:Ia~onYORK

95d buW C/ii

f.ib11 90i"n STA114LSSMvo6 1bt AM 10 Ci44 Of 1200 C,44 SEELAACKET
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Fig. 2. Processing flow chart for the fabrication of PMN:La
ccramics. Fig. 3. Schemata' representation of ihe HIP system.
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Tablt.L. Pysical and Dielectric Charactristlcs of La-Modified Lead Magnesium Nlobate

Sinter Temp Alm Anneul p (Lkim') 6 Theor.' Grain size (sam), T (C at I kHz) K.. at I kHz

1100C, 4 h IP)0'C. 2 h Air 8.05 98.8 0.7-0.9 -25 10500
1100C, 4 h 1100C, 2 h Air 8.1 99.3 0.9 -25 11000I 1200C, 4 h 100(0C, 2 h Air 8.1 99.3 2.0-2.5 -33 13600
120(rC, 4 h 110(C, 2 h Air 900-C, I h 8.12 99.6 2.0-2.5 -34 14300
120(rC, 4 h I0"C. 2 h Ar/03 90(rC, I h 8.12 99.6 2.0-2.5 -33 14200
12(VJC, 4 h 1100C, 2 h Air 900"C, >4 h 8.14 99.7 2.0-2.7 -35 148003 htot tsostatic pressing 3000 psi (20 MPs). 'Theoreatical density of PMN-0.01 La - 8.15 S/cm'. 'Thermal etched surfaces (1000C for 30 min)

laser (632.8 nm), and GreNe' laser (543 nm)). Uncertainties work, the specimens which were fired at 1200*C and then hot
for the index measurements are within t3 x 10-4. isostatically pressed at 1100*C showed relatively high trans-

mittance (more than 50%, for thicknesses of less than 0.3 mm
III. Results and Discussion at 632.8-nm wavelength). As shown in Fig. 7. if one takes into

account surface reflection, according to the Fresnel formula,
(1) Physical and Dielectric Properties R - (n - 1)2/(n + 1)2, where R is the reflection coefficient in

The various physical and dielectric properties of La- air from a single surface at normal incidence of light and n is
modified PMN as a function of sintering and HIP conditions the index of refraction, the transmittance is effectively even
are reported in Table 1. As tabulated, the density improved higher, being comparable to that of hot uniaxially pressed
with increasing firing temperature. Upon HIP, the density in- specimens ' -" and PUT..'.. The atmosphere, air or a mix-
creased from 95% theoretical density (p. - 8.15 g/cm3) for ture of argon/oxygen, used for the HIP process did not appear
conventional sintering to more than 99.5%. Densification to significantly affect sample transparency. However, anneal-
through HIP was similar to that achieved using HUP.2  The ing after HIP was found to improve the optical transmit-
densities of samples hot-pressed in air or a mixture of argon/ tance.lt appeirs that the amorphous grain-boundary phase,
oxygen atmosphere were similar. believed -to be Pl(O-bsed, affects transparency. The meas-

Increasing the sintering temperature also resulted in grain ured optical transmittances as a function of wavelength from
growth. No differences in grain size before and after the HIP 300 to 800 nm are shown in Fig. 6. For most of these materi-
processing stage were observed. After HIP, the resultant av- :-, the intensity of the transmitted light begins to increase
erage grain sizes of the samples were 0.7 to 0.9 Am for ll00C abruptly at just below 380 nm (the absorption edge is near
and 2.0 to 2.5 Am for 120(0C firing, as compared to the very
large (10 to 50 Mm) and nonuniform grain sizes commonly
found for hot uniaxially pressed PMN-based materials" and
2- to 10-Am grain sizes reported for PLZT.24" It is believed (a)
that the small grain size and uniformity of hot isostatically
pressed PMN:La ceramics are due to the addition of La,

which inhibits grain growth. No explanation as to why the ad-
dition of La inhibits grain growth can be given at this time.
Figure 4 shows representative microstructures of La-modified
PMN ceramics.

The dielectric permittivity as a function of temperature
and frequency for La-modified PMN is shown in Fig. 1. As
presented, PMN:La exhibits relaxor type behavior with an
average T - -35"C at 1 kHz with a maximum dielectric per-
mittivity K > 14000. As previously reported, La has the ef-
fect of shifting T downward -25"C/mo%. 2 As presented in
Table 1,. T was found to be higher for samples with relatively
small grain sizes, reflecting a more diffuse phase transition.
The dielectric permittivity was found to increase with in-
creasing grain size. The grain size dependency of both T and
K has been observed for other relaxor systems." Upon HIP.
the relative dielectric permittivity further increased because (b)
of the elimination of porosity. Post hot isostatically pressed
annealing also enhanced the dielectuic permittivity. It is 1A
believed that excess PbO exists in the grain boundaries 9I and affects dielectric constant. In terms of aging, little if
any was observed, unlike that found for hot uniaxially
pressed samples.2

(2) Transmittance
The primary objective of the present work was the optical

transparency. The transparency of ceramics as a function of
sintering and HIP conditions is presented in Table II. As
reported, conventionally sintered samples (at 1100C) were ,
not optically transparent. However, after HIP, the specimens
were transparent enough to measure optical properties (see
Figs. 5 and 6). The optical transmittance was found to in- ,
crease with increasing firing and HIP temperature. In this 1g. 4. Microstructure ofPMN:Latceramicspolashed and

thermally etched at 000"C for 30 min: (a) It00rC/4 h sin-
tered and 1100"C hot isostatically pressed; (b) 1200C/4 h

'Malls. Grins Co.. Casbad, CA. sintered and 1100*C hot isostatically pressed.
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Table II. Og1kal Traasmittae of Lak-Medifle Led "an Nlbate

Alam TWOHiesdiim Atm A MW optical Irmasmiusaca

lIOOrC, 4h 1IJ', 2 h Air
110OOC, 4h 1100C, 2h Air 21%, 0.2 mm thickI
1200rC, 4 h 100MC, 2 h Air 27%.0.38 mm thick
120rC, 4 It 1100rC, 2 h Air 900rC, 1 h 44%, 0.32 mm thick
1200C, 4 h 1100rC, 2 h Ar/02  90MC, I h 37%, 0.34 mm thick
1200'C, 4 h 1100rC, 2 h Air 900-C, 4 ht 45%, 0.37 mm thick

*Ilot isoaafc pdaug 3000 psi (20 MP). 632AI-a. Waveengt ad acmrectd for rtflcdioa kwe.

(3) Refractive Index (a) Disperion
A representative refractive index dispersion curve for

1iP PNIN-La HIP PNIN-La HIP I PMN:La ceramic prisms is shown in Fig. 8. Refractive index

lip MN.L HI PMN La H P i dispersion data below the band gap have been shown to be
liP PMN , -La HIP1 PMN-La HI effective ' described by a single-term Sellmcier oscillator

UIP PMC a IP PMN-La HIP I equation(I

I bM.aHM.. PMN.La HIP I ( 1 A2)E~

liP PMN.La HIP PNIN-La HIP I
I II II 'iolli 111i where A and E are the wavelength and energy of the incidentI I Ilight, respectively. E. and A. are averaged oscillator positions

2 3 I characteristic of the material and relsted to its optical band
inch intch gap. An averaged oscillator strength, S. accounting for all U

I the optical intesband transitions in the energy band structure
fig.&S Transprency of polished plates of hot isostatically p ressed and a parameter, E,, known us the dispersion energy are also
PMN:La (plates from left so right are 0.27, 0.32. and 0.2 mm defirted in Eq. (1).
thick). The parameters in Eq. (1) can be obtained from experimen-I

tal refractive index measurements by plotting 1/(n2 - 1) vs

376 nm) and then increases gradually at wavelengths above 1/A2. Figure 9 is the appropriate plot for our data. Tabulated
450 nm. This gradual increase in transmittance continues into Sellmeier parameters are given in Table III for PMN:La ce-
the near-JR without any noticeable absorption bands being ramics as well as for single-crystal PMN. It can be seen thatI
observed as in PLZT" However. specimens sintered at the parameters for our ceramics with only 1% La addition are
1100C and then hot isostaticaily pressed (20 MNs, 1000C for not greatly different from those for pure PMN. These ma-
4 h in air) showed an abnormal transmittance curve (Fig. 6), terials, like other Pb perovskite oxides, have large refractive
which indicates that scattering or absorption of the incident indexes and are quite dispessive in the visible because theyI
light strongly dominated in the range of shorter visible wave- contain a dense packing of highly polarizable: cations (e.g.,
lengths in the fine grain size (-0.9 Asm) specimens. As re- Ph and Nb*). The refractive index dispersion param-
ported in Table 11 and shown in Fig. 6, the measured optical eter, E./S.. is within the predicted range of 6.0 :t 0.5 x101
transmittance varied with specimen bulk density and grain cV -n~e. Values of E,, the dispersion energy in La-containingI
size. As with PLZT, grain boundaries, porosity, and impuri- glasses, have been found to be considerably higher than those
ties at which scattering or absorption of light occurs affect the of other glasses. 2 This trend of increasing E, with La add i-
overall optical transmittance.7"1 tion is consistent with our refractive index measurements,

100

U ~ ~ ~ I *~ - ISC -mw&11MK b a~ gCI -0-M L jM mi
z ~ ~~~2 &INPC d. 11PC Mr b &ik~ 94WJ bSis dd&SM06

T_ 4. 13P LW4~ O s4 NC M08dd d

50

z CEI
F- .I ......

0
300 4100 500 600 700 800

WAVELENGTH(ri )I
FIS. 6Optical tranmilttance veins woaingtb for PMN:La ceramics as a
functiona of sinterims and HIP conditions,
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too Table 111. Selimsler Refractive Index Parameiters for
W Refectio LessPMMUL Ceramias and PMNN (See Eq. (1))
L)Parameter PMN:La PMNI

Tl A. (Am) 0.2 .1
So (X11,m3 1001.3

to .7siTikE. 5W .. 76 ~ 5.73
E oEd (eV) 127.27 27.22

E./S.(x 10- " eVm-in) 15.64 56
(L 'Reference 29.

although higher La doping levels will be needed to confirm ic
more substantially.

0I300 400 500 600 700 800 IV. Summary
W~~RVELE14GTH ( ram By the use of hot isostatic pressing (HIP), La-modified

PMN polycrystalline ceramics have shown more than 99.5%
Fi. Optical transmittance and reflcclion loss versus wave. theoretical density and fine grain size (0.7 to 0.9 Aem for

ale 0C4banae seie) nrbe o b oaiiy ectvt ihtepesr
enth (i200C sintered. 1iotrC hot isoslatically pressed in Ar/0 3 , 1100C, 2.0 to 2.5 Am for 1200C sintered) without the associ-

vessel (rams, die, etc.), and the geometrical constraints as
compared with samples prepared by hot uniaxial pressing.

grain growth during sintering.

The relative dielectric permittivity of the samples prepared
by HIP increased because of the removal of porosity. The

2.70- 0 addition of La shifted the transition temperature (T.) to
ingtherelxortyp ferocecticbehavior as reported in pre-

z; Optically polished thin plates of hot isoistatically pressed

2.60 PMN:La polycrystalline ceramics have shown more than 5017
transmittance in the visible and near-IR region, and a high

* refractive index (ns > 2.7 for wavelength < 430 nm), being
comparable with that of PLZT ceramics.

0
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OPTICAL PROPERTIES OF HOT PRESSED
RELAXOR FERROELECTRICS
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T. R. SHROUT
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(Received August 29, 1988)

The optical properties of hot pressed transparent ceramics based on the relaxor ferroelectric (l-x)Pb
(Mg, 3.Nb2,3)O3-xPbTiO3 (known as PMN-PT) solid solution system have been examined in the visible
region. We report transmission as a function of wavelength, refractive indices as a function of tem-
perature and wavelength, and quadratic electro-optic coefficient data for the 632.8 nm HeNe laser
wavelength. For our particular ceramic compositions. .93(Pbo,)lao, )(Mg, 3.Nb2, 3)0,-.07PbTiO3 and
.90 PMN-. 10 PT. the refractive index dispersion is well described by a single term Sellmeier equation.
The observed temperature dependence of the refractive indices n(T) can be discussed in terms of polar
microregions which alter the refractive indices in these ceramics via the quadratic electro-optic effect.
Transverse quadratic electro-optic coefficients measured were in accord with those reported for other
Pb containing perovskite oxides.

I INTRODUCTION

A study of the optical properties of transparent (l-x) Pb(Mgl 3,Nb23)O 3-xPbTiO3
(hereafter PMN-PT) ceramics is of interest both for possible insight into the physical
nature of relaxor ferroelectrics as well as for making practical extension of its several
present applications to include usage in electro-optic devices. Present applications
take advantage of (1-x) PMN-xPTs singularly excellent dielectric, low thermal
expansion, and electrostrictive properties.1

.
2 Ceramics with the composition .90

PMN-. 10 PT have been used in surface deformable mirror technology and unlike
Pb,.,La,(ZrTil.,)O 3 (PLZT xly/l-y) can be prepared as a stoichiometric "fully-
stuffed" compound without aliovalent defects and concomitant dielectric aging
effects.

3

PMN is the classic example of a relaxor ferroelectric. It has the perovskite
structure with Pb 2

1 ions on the cation A-site and Mg2 + and Nb5  ions in a dis-
ordered setting for the cation B-site. This disorder is believed to lead to "glassy"
polarization behavior observable in the temperature dependence of the refractive
index.4 The weak field dielectric permittivity as a function of temperature exhibits
a broad frequency dependent (i.e., dispersive) maximum characteristic of a diffuse
phase transition. Studies of the optical birefringence have revealed that PMN
samples when cooled to low temperatures evidence no optical anisotropy which
would be indicative of a macro-volume change to a polar phase.5 The quadratic
polarization-optic coefficients which have been reported (g,1 - 912 = .015 m'/C 2

and g, = .008 m4/C2) are not very temperature dependent and are about an order
of magnitude smaller than those of non-Pb-containing oxygen-octahedra ferro-
electrics.6 It is believed that Pb2  ions on the A-site cause high refractive indices

13511/1147I
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and lowered g coefficients. The refractive index dispersion and its temperature
dependence have also been reported..7 .

8

PbTiO 3 is also a perovskite ferroelectric but in contrast to PMN it undergoes a I
displacive first order phase transition at about 4920C. Optically. PbTiO 3 is uniaxial
negative, has high refractive indices, and possesses an anomalous birefringence
increase which disappears prior to the ferroelectric-paraelectric phase transition.
PbTiO 3 is a good non-linear optical material with a large reversible polarization.
PbTiO 3 has a value of only gl - g12 =+ .003 m4/C2 at room temperature and is
unusual in this regard even among Pb perovskites. 6

It is the purpose of this paper to report on the optical properties of two relaxor I
ferroelectric compositions, .93(Pbo,La 01)(Mg, 3Nb2 )O3-.07PbTiO3 and .90 PMN-
.10 PT. Sample preparation for these hot pressed ceramics are detailed in Reference
9 along with other physical and dielectric measurements. Lanthanum addition to
PMN or PZT enhances densification and thus improves transparency. The effect i
of La 3  addition on the dielectric properties of PMN is reported in Reference 10.
It will be of interest to see what effect adding small amounts of La20 3 and PbTiO 3,
a normal displacive ferroelectric, to form a solid solution with a relaxor ferroelectric I
like PMN will have on the optical properties.

TRANSMISSION I
Ferroelectric hot pressed samples to be employed in optical and electro-optical
devices must be made sufficiently transparent in the visible and near IR region. n
Optical transmission measurements were made as a function of wavelength using
a Cary 2300 spectrophotometer upon electrically unpoled optically polished plates.
Figure 1(a,b) shows the measured percent transmission as a function of wavelength
(300 nm-800 nm). For both of these materials the percentage of transmitted light
begins to rise abruptly at just below 380 nm and then increases only gradually with
wavelength above 450 nm. This gradual increase in transmittance continues into
the near IR at least through 1500 nm without any noticeable absorption bands U
being observed. The reflection loss line is drawn in from the calculated reflection
R = (n - 1)2/(n + 1)2 values using the measured refractive indices from the next
section.

The .90 PMN-.10 PT hot pressed sample is especially transparent (31.7%T Ca,
450 nm and 57.1%T @ 680 nm). The maximum value for the dielectric permittivity
in this material is Tc - 45°C at 1 KHz. Ferroelectric regions are of pseudocubic
symmetry for the PMN-rich compositions in this solid solution. The I
.93(Pbo 9Lao 01 )(Mg1 ,3Nb23)O 3-.07PbTiO 3 composition is well into the paraelectric
rcgion at room temperature (T, - 9*C at 1 KHz). In PLZT it has been shown that
the pseudocubic 9/65/35 composition is considerably more transparent than either
the rhombohedral 7/65/35 or tetragonal 12/40/60 ferroelectric compositions, espe- U
cially for shorter visible wavelengths where absorption and light scattering domi-
nate.II Light scattering from domain walls and grain boundary scattering will occur
in La-doped PMN-PT ceramics as well and lower the optical transparency. The I
addition of PbTiO 3 to PMN seems to cause the thermal stabilization of polar

I
I
I
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FIGURE 1 Percent transmission as a function of wavelength for hot pressed optically polished plates
i for ceramic compositions, a) .93(Pbo0.Laoo,)(Mg,,.Nb 2,3)O,-.07PbTiO 3 excess: b) .90 PMN-.10 PT.

microferroelectric regions in these ceramics. Further improvements in transparency
for these ceramics may be achieved by optimizing the processing and sintering
conditions.

i REFRACTIVE INDEX DISPERSION

The refractive indices for several visible wavelengths were measured by the method
of minimum deviation. Prisms with apex angles of between 20'-30' were cut and
polished from the bulk ceramics. The prisms were then annealed for 30 min at

I
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FIGURE 2 Refractive index dispersion for .93(Pbo0 La,0o,)(Mg,,.Nb,,,)O-.07PbTiO, in the visible
region.

525°C in order to relieve polishing strains. The prism apex angles and minimum 3
deviation angles were determined using a Gaertner optical spectrometer with a
smallest vernier reading of 20". Reproducibility and calibration of the spectrometer
readings lead us to estimate that errors for the reported index values are within
±3 x 10- 4.

A representative dispersion curve for prisms with composition
.93(PbogoLao01 )(Mgl 3.Nb23)O 3-.07PbTiO3 is shown in Figure 2. These polycrys-
talfine materials clearly have a very high refractive index (>2.7 for X < 450 nm) I
which is mainly attributable to their having a high density of polarizable ions such
as Pb2  , TiO , and Nb5-. Also, the refractive index is quite dispersive in the visible
region, characteristic of the optical spectrum on the long wavelength side of UV
absorption peaks. Wemple and Didomenico have shown that the dispersion of the
index is frequently well described by a single-term Sellmeier dispersion formula of
the form12

nS__2 EdEo = f (1)(n _ X2 E 2 - E 2 E 2 -  E. 2

where X, E = wavelength and energy of the incident light, respectively

x,, Eo = average oscillatory position and energy, respectively

S, f = EoEd = average oscillator strength 1
Ed = dispersion energy.

The Sellmeier constants in Equation (1) are determined by plotting n2 
- 1 vs. I

X - 2 to a straight line least squares fit. Figure 3 shows this type of plot for

I
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FIGURE 3 Plot of I/n2-1 vs. 1/X2 for .93(Pbo,,Laooo)(Mg1,3.Nb_,3)O3-.07PbTiO3 in order to determine
Sellmeier parameters.

.93(Pbo 99Lao)(Mgl/ 3 Nb2,3)O 3 -. 07PbTiO 3 . The tabulated Sellmeier parameters for

our measurements as well as for the system end members PMN and PbTiO 3 are

given in Table I.
Addition of PbTiO 3 appears to 1) raise the refractive index; 2) raise the dispersion

energy Ed; and 3) lower E. (a quantity related to the energy band gap) as compared

to pure single crystal PMN. The addition of small amounts of La3 ' and associated

A-site vacancies in place of the Pb2 
+ ions would be expected to lower the refractive

index values. The values for PbTiO 3 in the table are single crystal values averaged

for a ceramic index.'
3

I
TABLE I

Refractive index parameters for the PMN-PT system

.93(Pbo La 0 ,)
(Mgl,3.Nb2,)O3-

PMN 6  .07PbTiO, .90 PMN-.10 PT PbTiO,' 0

n C 632.8 nm 2.5219 2.5399 2.5455 2.68

ko (gm) 0.216 0.218 0.220 0.222
So(x 10- I'm -') 1.013 1.012 1.00 1.09
Eo (eV) 5.73 5.69 5.64 5.59
Ed (eV) 27.2 27.40 27.31 30.0
f (eV)2 156 155.9 154 168

(X 10-1 eV mI) 5.66 5.62 5.64 5.13

I
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FIGURE 4 Temperature dependence of the refractive index for .93(Pb0 .La,,,,)(Mg. 3.Nb2,3)0 3-
.07PbTiO, at four spectral wavelengths in the visible from 200C-600°C.

REFRACTIVE INDEX TEMPERATURE DEPENDENCE

A small oven was constructed and mounted on the spectrometer to enable us to I
measure refractive indices in the range 20 0C-600°C. Temperatures were measured

using a pair of thermocouples located above and below the prisms. Control of the

temperature was maintained within t 2°C for the indicated temperature readings. I
The temperature dependence of the refractive index was measured at four com-

mon spectral wavelengths (H 486.13 nm, Hg 546.07 nm, He 587.56 nm, and H

2.561

2.560-

2.559-

x 2.558

z 2.55

2.554- o

2.553- 0

2.52
225 350 475 600

TEMPERATURE (°C)

FIGURE 5 Expanded view of n(T) for composition .93(Pbo.Lao,,)(Mg,,13.Nbv3)Oi-.07PbTiO3 @
H 656.27 nm in order to ascertain Td value.
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656.27 nm). Figure 4 shows the measured n(T) curves at the listed wavelengths for
.93(PboLao0 1 )(Mg1 3,Nb2/ 3)O3-.07PbTiO 3. It should be noted that subtractions
have been made as marked on the top three graphs in order to show all four curves
on the same high resolution scale. A few features of these n(T) curves should be
pointed out. First, the high temperature region of the curves is given approximately
by a straight line fit to the data in this region. The dn/dt values determined by the
slopes of these lines increase for shorter wavelengths nearer to the energy band
gap and range from 5.36 x 10- 5 /°C for H 486.13 nm down to 1.69 x 10- 5/0C for
H 656.27 nm. Secondly, the departure from linearity occurs at a point often called
Td

4 which is several hundred degrees above the regular Curie temperature (Tc -
90C). No major change in the refractive indices would then be expected to occur
at T1.

Figure 5 shows an expanded view of the H 656.27 nm curve in order to show
more clearly this departure from linearity. The value of Td was determined as being
approximately 390°C for each of the four wavelengths. Td is therefore seemingly
independent of wavelength.

j QUADRATIC ELECTRO-OPTIC COEFFICIENTS

The transverse quadratic electro-optic coefficients were measured using an AC
Senarmont compensator method using phase sensitive lock-in amplifier detection.
A HeNe laser with a 632.8 nm output was used as a light source. The values for
the electro-optic coefficients as a function of temperature (20°C-250°C) were de-
termined under low frequency (<50 KHz) unclamped conditions. At room tem-
perature, the quadratic electro-optic coefficients in terms of polarization (polari-
zation-optic) were, g,, - 912 = 0.08 t 10% m'/C 2 and in terms of electric field
R, - R 12 = 2.25 x 10- 16 m2/V2 

t 10% for .93(Pb 0 ,La001 )(Mg/ 3,Nb23)O3-
.07PbTiO 3. The electro-optic g coefficients increase weakly with temperature and
level off so that an average value of g,, - 912 .012 m4/C2 is found for the 20°C-
250C temperature range 4

DISCUSSION

The n(T) behavior in relaxor ferroelectrics (as found in our samples Figures 4 and
5) is often explained as follows. At temperatures higher than Td the refractive
index is primarily controlled by thermal expansion and thus changes linearly with
temperature. Below Td, the departure from linear behavior occurs due to the
presence of microregions of local polarization which causes a change An in the
refractive index proportional to the square of the polarization by the quadratic
electro-optic effect. 4 '5

For randomly oriented crystallites as found in our unpoled ceramics, the appro-
priate observed change in refractive index is given by'6

A n, + 2n - ~) 3 [933 + 2g, 31P2 (2An 3 2 3 3 d(2

I
I
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FIGURE 6 (Pdl as a funiction of temperature for .93(Pb, , o,)(Mg, .Nb,,)O0.07PbTiO, calculated
from n(T) data.

where no is the undeviated refractive index as given by the straight line, the g's U
are the appropriate combination of electro-optic coefficients, and Pd is the local
polarization present. Since we know An, no, and can approximate the electro-optic
coefficients by our measured value (g, - g2 .012 m4/C 2), we can invert Equation
(2) to find the magnitude of local polarization, IP,1- This is shown in Figure 6 for I
the four wavelengths at which n(7) was measured.

Temperature dependent Sellmeier parame:ers have also been calculated based
upon the four frequency measurements of n(T). From a primarily linear graph of
E, vs. T we have determined dEdT = -6.48 x 10-' eV/ C. This quantity
represents a change in the energy of the effective oscillator which can be correlated
to the temperature variation of the band gap (quite close to dE8 ,idT = -6.7 X I
10-1 eV/C for indirect bandgaps).' Pd exists to much higher temperatures and is
a great deal larger than the measured reversible polarization. The comparatively
large values for Pd may be due to grain boundaries in the ceramic inhibiting po-
larization reversal.

The value of Td - 390°C (as shown in Figures 4 and 5) is larger than has been
measured for PMN single crystals" with Td - 344°C. This increased value may have
been caused by the addition of PbTiO 3. Further studies are underway to establish
the cause of such an enhancement of Td in these ceramics compared with single
crystal PMN. I
SUMMARY

We have prepared hot pressed optically transparent relaxor ferroelectric samples
and have measured some of the important linear optical properties. Transmission I
measurements verify that PMN-PT based ceramics can be made optically trans- I

U
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parent in the visible range. Refractive index dispersion has been successfully mod-
eled by a single term Sellmeier equation. Quadratic electro-optic coefficients were
measured and used to interpret the n(T) behavior of these ceramic samples ac-
cording to a theory of micropolar regions applicable to relaxor ferroelectrics.

Future work to follow up this investigation will include examining a further series
of La 3  modified PMN-PT and PST hot pressed transparent ceramics for electro-
optic related properties.
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I CHARACTERIZATION OF (1-x)Pb(Mgli/3Nb2/3)03 - (x)PbTiO3 AND Pb(Sci/2Tal/2)03
TRANSPARENT CERAMICS PREPARED BY UNIAXIAL HOT-PRESSING

I J.R. GINIEWICZ, D.A. MCHENRY, T.R. SHROUT, S.-J. JANG and A.S. BHALLA

Materials Research Laboratory, The Pennsylvania State University, University Park. PA
U.S.A.

F. W. AINGER, Plessey Research (Caswell) Limited, Caswell Towcester, U.K.

I Astrac Transparent relaxor ferroelectric ceramics of (l-x)Pb(Mgl/3Nb2/3)03-(x)PbTiO3
and Pb(Sclt/2Tat/2)03 have been prepared by low temperature uniaxial hot-pressing. The
ceramics are highly dense ( > 99.5 % theor.) and transmit throughout the visible. The
addition of excess PbO and La203 and post-pressing heat treatment are found to enhance
transparency. The ceramics have been characterized for phase purity, development of
microstructure, dielectric behavior and optical transmission in order to determine optimum
conditions.

INTRODUCTION

Considerable interest is currently focused on the optical and electro-optical character of relaxor

ferroelectric materials. The excellent electro-optic response, switching time, and half-wave

voltages, Vx, distinguish these materials as promising candidates for a variety of electro-optic

device applications.' Further, optical / electro-optical property measurements on transparent
relaxor compositions provide important new data useful for a more thorough understanding of

the material's diffuse nature. 2 3 Transparent relaxor ferroelectric ceramics have been prepared

for this investigation by hot uniaxial pressing (HUP). The ceramics have been characterized

for phase purity, microstructure, dielectric behavior, and optical transmission.

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

Polycrystalline specimens transparent enough for optical / electro-optical measurements

possessing desirable characteristics such as uniform microstructue, high density, and phase

purity are not easily produced by conventional sintering methods. The samples examined in

this investigation were prepared by means of hot uniaxial pressing. The powders of

Pb(Mgi/3Nb2I3)03, [PNINI. (l-x)Pb(Mg/3Nb2/3)03 - (x)PbTiO3, [PMN-PT, (x = 0.7) and

Pb(Sci/2TalI2)03, [PSI] were prepared from reagent grade and optically pure starting oxides

by the columbite / wolframite 4 precurso method 5 in order to produce phase - pure

compositions. The compositions of interest were prepared stoichiometrically and with excess

I PbO and / or La203 as indicated in Table I so as to allow for a range of hot-press conditions

and to enhance transparency.3 The samples were prpaed for hot-pressing in the form of disks 38 mm or 64 mm in

diameter. The disks were pressed at a pressure of -38 MPa for 6 hours at a temperature in the

range 900 0C to 1200 °C. Flowing 02 was used during the heating cycle. The specific

I.
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conditions for each sample investigated are given in Table L The samples were embedded in

coarse alumina sand to prevent reaction with the silicon nitride rams.

The uniaxially hot-pressed samples were initially characterized for phase-purity, density, I
and average grain size. It was determined by x-ray diffraction that all specimens were phase
pure. The order parameters, , of the PST specimens were also evaluated as described in the
next section by means of x-ray diffraction. Sample densities as demrmined by the Archirne-s
technique and average grain size as evaluated by means of the line intercept method on 3
scanning electron micrographs of fiactred surfaces are recordcd in Table L

The samples were sliced into Top, Bottom, and Parallel sections, as shown in Figure 1,
and the sections annealed in air at 900 OC for 8 hours in order to elimate excess PbO. The I
sample surfaces were then ground with A1203 grinding media and coated with a sputtered gold

electrode for dielectric measurement.

PRESSING DIRECTION

,I
I

EEZ9 I
FIGURE I Test plates sliced from the hot uniaxially pressed ceramic.

Samples prepared for optical transmission measurement were taken as adjacent slices
(arbirary direction) from the original hot-pressed disk. One of the slices was annealed in air at
900 °C for 8 hours before it was optically polished, while the other slice was polished with no
post-pressing heat-treatment. Optical transmission measurements were made on a Cary 2300

spectrophotometer.

RESULTS AND DISCUSSION

All the samples under investigtion are of high density with most higher than 99.5 %
theoretical density as indicated in Table L The average grain size, as determined by the line
intercept method on scanning electron micrographs of fracture surfaces, appears to depend
upon the processing conditions and compositional modifications (Table 1); it is observed that
both excess PbO and higher hot-press temperatures encourage grain growth. In all cases, no
variation in average grain size is observed with position (i.e.- top or bottom sections) within
the sample. In general, the microstructures are found to be uniform with well-formed. I
equiaxed grains. I

I
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TABLE I Processing conditions and physical properties of test samples.

SAMPLE PbO L020$ T (*C1 a Mtheor.) AVe Gi Si il)

3 PUN

PMN .. 1100 90.7 2
IPMN.PT _______________________

PUNTA 900 99.6 2

PMNT . 1060 99.7 10

PMUNTC 2 w% - 1100 99.6 20

PUMNTD 2 wt% 1 m% g00 99.1 5

PMNTl 2 w1% I mo% 1100 99.6 15

PST

PITA 10 wt% .- 1050 99.8 5

PSTS 2 wt% 1200 98.9 S

PSTC 2 wt% 1250 99.6 5U
TABLE 11 Dielectric properties [10 KHz]. TABLE IMl Optical transmission.

SAMPLE SECTHM K 7 (c1 a 0 24 (-C_
%. TfigUlgOfe

- EI tMM | 470 IItoM 660 on i 7i60 ri-m)
rT 10100 •14 82 (bi ) (#POOR) (rod)

10200 -1: 112
A 11200 01 52*

After 0.5 01 41 21

2 14300 37____A_________l_ _2

* 11400 37 66
P 16700 36 60

Plh 6 0.6 I i c

Rule26000 36 35 AIW C. 1 41 41
44 24000 34 38 5l .1 < 1 €S19100 Is 67 Aw 0.

A:00 3. 1 40tl €

NTC r 2000 21 400. 2 2 3

21600 36 40 Afw 0.7 2 2 3
P 20600 24 40

P 0.6I q1 41 56

PINTD T 20600 13 62 Am 0.6 12 16 2a
*• 15000 12 66 ARW 0.6 1I s 5 45
P 17600 16 62

Pm w 1.3 7 10 12

P rNTS T 17300 14 Atm 01 12 17 22

at 01 30 125 5
9o0 211 0.3 :0 Afe 3 2~ +

N 7182 21 0.0 26A 0.4 20 22 12

P 704 22 0.6 20 - - -
PIT ITow

N 667 21 0.6 26
P 6061 22 0.6 20
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The dielectric response of the various samples, which have undergone post-pressing I
heat-treaunent, at a frequency of 10 KHz is recorded in Table H. The particular slice of the

sample as indicated in Figure I is designated by the labels T, B, and P for each specimen. The 3
quantity (b 3/4) is a measure of the diffuseness of the permittivity as a function of temperature. 6

representing the width of K(T) at 3/4 the value of K(max). The order parameter, ,, is

relevant to the PST samples only which exhibit order / disorder variations as a function of
temperature and thermal history.6.7 It is defined by the ratio of the x-ray diffraction intensities

of peaks corresponding to the normal and superstructure lattices. A completely ordered m

material has a value Q = 1.1

The dielectric response K(T) at various frequencies within the range 100 to 100,00 Hz
was measured over a temperature range of -60 to 200 °C for each sampl The dielectric

constant as a function of temperature is diffuse and strongly frequency-dependent for both

PMN and PMN-PT specimens, characteristic of the relaxor ferroelectrics. The K(T) for PST is I
sharp and only slightly diffuse at the transition, indicative of the high degree of structural

order. 3
The general effect of varying hot-press temperatures .and of the various chemical

modifications on the dielectric response is outlined in Table IL Based on the data presented,

some basic tendencies can be deduced. It is seen that the largest K(max) values at 10 KHz are
observed for samples prepared at higher pressing temperatures with the highest K(max), in the
PMN-PT series, occurring for samples that were batched with excess PbO and 1 mol% La203. 3
There is some correlation between the average grain size and the higher dielectric constants

with specimens of larger average grain sizes exhibiting the highermagnitudes of K consistent

with the previously reported grain-size dependence of the dielectric response of PMN. 8

Addition of I mol% La203 is seen to effectively reduce the temperature of the maximum

dielectric constant by more than 20 °C again in agreement with prior investigation on PMN I
transparent ceramics.9 The variation of the diffuseness of the K(T) as indicated by (b 3/4) in

Table H for the various pressing temperatures and chemical modifications is also largely a n

function of grain size. The diffuseness (b 3/4) of the PST samples is not at all affected by the
pressing temperature variations implemented in this investigation. This is further reflected in

the constant value of the order parameter, Q = 0.9, for all the PST specimens. It should be

noted that the high degree of ordering obtained for these samples is generally not easily

achievable by the conventional means of preparing ordered PST ceramics to which generally 3
requires an additional long. high temperature annealing under controlled atmosphere to induce

structural ordering. Since the HUP temperatures employed to produce these dense PST

ceramics are well below the order/disorder transition temperature (-1475 C) 10. highly

ordered ceramics may be produced. Further, the degree of order is not affected by the low

temperature post-pressing anneal conducted here since the annealing temperature in this case is I
well below the temperature at which a disordered PST ceramic becomes ordered (-1050 °C). 10 |I

l
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There is observed for all samples some anisotropy of the dielectric response with respect to
the pressing direction as well as a gradient of the response between top and bottom portions of

the ceramic. The PMN sample exhibits the least variation with direction and location within the
ceramic of all the speicmens examined. The anisotropy observed in the PST samples appears
to become slightly less for higher pressing tempera--res. The large anisotropy of PSTA may
also be related in part to the rather high PbO content of this specimen. The anisotropy with

respect to pressing direction for all the PMN-PT samples except PMNTD is considerable.
There is no clear correlation between the "polarity" of the anisotropy (i.e. - the direction of the
higher magnitude) and the compositional and pressing temperature variations. Further, all

PMN-PT specimens exhibit a significant difference in K between the top and bottom sections,

again with no definite correlation with the compositional and pressing temperature variations.
Since in most cases, no clear correlation can be made between the dielectric anisotropy and

the modifications made, it seems likely that the source of the variations of K(Max) throughout
the sample arises in the initial pre-pressing stages of sample preparation (e.g.- mixing,
forming, etc.) and that the resulting anisotropy and gradients between top and bottom are

enhanced by the final HUP process. It is suggested that the macroscale inhomogeneities
introduced in the early stages of sample preparation lead to a non-uniform distribution of PbO3 thereby making conditions favorable for the formation of Pb-rich phases, in particular at the
grain boundaries, during the uniaxial hot-pressing procedure. The formation of such

intergranular phases in relaxor femroelectric ceramics produced by various methods has been

extensively reported.11 .12 13 Although no second phases were detected by means of XRD or
by routine SEM investigation of the micr ucture in this investigation, a very thin
intergranular phase may be present in these materials which, as previous research has
demonstrated.13 can significantly affect the dielectric response of the materiaL The largely

intergranular fracture of the ceramics as observed in SEM micrographs suggests the existence

of such a grain boundary layer. Further, a considerable amount of aging was observed for

PMN-PT samples prepared both stoichiometricaily and with excess PbO and La203. Although

it is beyond the scope of the present work and will not be presented here, this aging is worthy

of note since the aging phenomenon in PMN has been found to be very closely related to3 variations in stoichiometry due to an excess or deficiency of PbO in the maeriaL14 The results

obtained in this study suggest that such a variation in stoichiometry may tccur non-unifonnly
* throughout the specimen as a result of the processing procedure. A more thorough

investigation of possible grain boundary phases and local variations in stoichiometry is

required.

The percent transmission at various wavelengths across the visible spectrum are recorded

in Table I for samples before and after post-pressing annealing and for selected specimens at

two sample thicknesses. Reflection losses, as calculated by means of the Fresnel formula, are

about 30% assuming an average refractive index of 2.5 at room temperature for the samples

I
I
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under consideration. In general, it appears that higher temperatures and. in the case of the

PMN-PT series, additions of both excess PbO and I mol% La203 significantly enhance the

transparency of the ceramics, conditions which were shown to also encourage grain growth I
and high dielectric response. Post-pressing annealing is also seen to further enhance

transmission across the entire visible spectrum due likely to the liberation of excess PbO. 3

Hot uniaxial pressing of chemically modified relaxor ferroelectric compositions is an effective

means of producing dense, transparent ceramics with a high dielectric response. Transparent 3
PST ceramics may be produced with an extremely high degree of ordering due to the low

hot-pressing temperatures employed. Some variations in dielectric response and the

appearance of dielectric aging suggest the formation of intergranular Pb-rich phases and/or I
local variations in stoichiometry induced by the HUP process. Further investigation into the

nature of these irregularities and the mechanism of their formation is required to optmize 3
samples prepared by this procedure.
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From transmission electron microscopy studies on several complex lead perovskite compounds Pb(B'B" 10,. and their
solid solutions a classification can be obtained based on B-cation order. This classification divides the complex lead
perovskites into three subgroups; random occupation or disordered, nanoscale or short coherent long-range order and
long coherent long-range order of B-site cations. A correlation between the nanoscale B-site order and relaxor on glassy
ferroelectric behavior is found in these lead perovskites. An hypothesis is suggested which relates 0-3 polar connectivity
to 0-3 order-disorder connectivity. This hypothesis is discussed with relation to present theories (G. A. Smolenskii: J.
Phys. Soc. Jpn. (1970) Suppl., p. 26. L. E. Cross: Ferroelectrics 76 (1987) 241, T. L. Renieke and K. L. Ngai: Solid State
Commun. 18 (1973) 15431 and reported experimental results of the perovskite relaxor ferroelectrics.

KEYWORDS: relaxor materials, dielectric properties, nanocomposite, electron microscopic study, model for
relaxor behavior

The most widely accepted models for the under-
§1. Introduction standing of the relaxor ferroelectrics have come from
1.1 Ferroelectric background Smolenskii"I and Cross.' ) The Smolenskii model notes

For the past thirty years there has been much work, that ferroelectric relaxors have a common characteristic
both pure and applied, on the oxide ferroelectric where two or more cations occupy equivalent
materials and their properties." ) One of the most com- crystallographic sites. It is the distribution of these ca-
piex ferroelectrics class is those characterized by a diffuse tions which gives rise to chemical microregions with
and dispersive phase transition of the so-called relaxor various compositions and in turn differing Curie tempera-
ferroelectrics.'' The permittivity (e') and tan 6 (c"' /') tures. The summed distribution of these microregionsI vs temperature show a diffuse phase transition over a give the broad phase transition. As a relaxor ferroelectric
so-called Curie range. There is a Curie maximum temper- crystal is cooled, these microregions undergo the paraelec-
ature, which is frequency dependent over a wide fre- tric-ferroelectric phase transition and local polar
quency range, and increases in temperature with increas- microregions are created (- 100 A).
ing frequency. Also, the maximum in the permittivity (e') The Smolenskii model"' is a very successful model but
does not correspond with the maximum in the dielectric it has its weaknesses:
loss (tan 6). Figure 1 shows a typical permittivity vs tern- 1) There is no discrimination between compounds and
perature for a relaxor ferroelectric. This transition solid-solutions with mixed cation sites and their ten-
behavior is very different from the 'normal-like' ferroelec- dency to show relaxor or normal dielectric character-

trics which usually shows a sharp 1st or 2nd order phase istics.
transition. 2) With a Gaussian distribution of chemical

microregions with their differing Curie temperatures
there must exist very subtle changes in chemical com-

5000 Ii 1 , positions from area to area for the major volume of

OOHM1 XKHZ the crystal. This would not appear to give sufficient
gradients necessary for the localization of polar
microregions or clusters.

Two independent studies on the order-disorder perov-
skite, Pb(ScinTa,/2)Os, were performed by Setter and

2500 100 KlCz Cross"') and also Stenger and Burgraaft" in which the key
role of the cation distribution and its effect on the dielec-

g0 tric properties was demonstrated.
10 An understanding of the relaxor dielectric properties

NANOSCALE
ORDERED PIN was enhanced by the superparaelectric theory as sug-

gested by Cross.' ) Basically, the superparaelectric theory
describes the relaxor and its localized polar microregions

200 , 0 100 200 ,30 analogous to the spin cluster behavior in super-
-200 -100 0 t 200 300 paramagnets. Considering two polarization states, + P

Temperlurte CI and - P, superparaelectric potential, as illustrated tn

Fig. I. A schematic representation of the permittivity versus tempera- Fig. 2, these polarization states of a polar microregion
ture relationship for a complex lead perovskite relaxor. are separated by an activation barrier. The height of the

327
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As discussed above in §1.1 and 1.2, there is a need to

better understand the nanostructure property relation-
ship in these important class of ferroelectric materials. In
view of this we carried out studies on a wide selection of
important and well characterized complex lead perov-
skites (single crystals and ceramics). Based on our TEM

H observations a new insight is gained in the understanding
-- - 1_1of the nanostructure of these relaxor materials. In this-P +P paper we present an approach relating B-site cation order

to the ferroic properties in complex lead perovskites.

Fig. 2. Schematic representation of a superparaelectric potential This approach has been discussed in light of present
describing the polarization states + P and - P. theories and satisfies experimental results. i

§2. Results and Discussion
barrier, H, is directly proportional to the volume of the The results discussed here on the structural ordering
polar microregion itself. This indicates thermal energy, are made from TEM analysis. Major advantages of this i
kB T, and the frequency of polarization flipping, v, are technique include: small coherence length of high energyrelated in a simple relation: electrons, the very strong scattering power of electrons

I-H\ with atom (-l0W times greater than X-rays) and also
V= VD exp direct imaging of nanostructures with contrast and high

k resolution methods.

where, Within the complex perovskites Pb(B3'_,)O3 (x= 1/2)

His the activationheightbetween- P and + P, family many of the compounds have shown long-range

ka is the Boltzmann constant, B-site ordering of the cations, as documented by
Tis the absolute temperature, Galasso."' The ordering of B-site cations in these systems

v is the flipping frequency between - P and + P, gives rise to an F-centered 2a0 x 2ao x 2ao superstructure,

and VD is the Debye frequency (1- 10-11 Hz). see Fig. 3(a). This additional symmetry consideration
gives a set of superlattice lines/spots, F-spots in electron

However, for low thermal energies the polarization diffraction. However, if the B-cations are randomly occu-
will 'lock-in' to a particular orientation, thus forming a pying the lattice there is no superstructure and the or-
polar microdomain or a polar cluster. This feature dinary perovskite cell ao x ao x a0 describes the compound
distinguishes the polar microregion from the polar in the paraelectric state, see Fig. 3(b).
microdomain (which is static and not a strong frequency Examples of some of the TEM results obtained from
dependent feature). complex lead perovskites: Fig. 4(a) shows a weak-diffuse I

The superparaelectric concept accounts for many of but distinct F-spots in Pb(Sc iJa 1i/)O3 (PST); 4(b)
the observed properties of the ferroelectric relaxor such shows the corresponding dark-field image revealing the
as the frequency dependence of the permittivity, the contrast of the nanoscaled ordered domains; and 4(cl
dielectric aging,"'" and also the metastable switching demonstrates long-range order in normal PST being I
from micro-macrodomain." -'3 It also reflects the broken by an antiphase boundary. Figure 5 shows strong

nonlinear behavior of the thermal and optical properties F-spot in <211 > zone axis pattern from Pb(Co,,.,W, :)0O
as observed in these materials." -"' corresponding to an ordered grain also observed are in-

commensurate satellite reflections. Nanoscale order do-
1.2 Cation order background mains in PMN:PT (0.9/0.1) and the corresponding

Within a given crystal structure the arrangement of (110> zone axis pattern with superstructural F-spots i •
various cations and point defects on particular shown in Figs. 6(a) and 6(b) respectively. I
crystallographic sites depends on the relative magnitude
of the interaction energy for possible configurations. If
this interaction is sufficiently low there are no detectable ,ar=-- '*" I
correlations between the occupancy of neares neighbor -.--. ;. .".
sites. However, if there exists a diffuse but distinct

superlattice reflection the cations have long range order, ?
(LRO) between unlike cations on nearest neighbor sites. -
Since, in this study the scale of this LRO is important to - •
observed physical properties we describe a coherence . _
length based on the size of ordered domains as imaged -.- l-
with transmission electron microscopy (TEM). A short .Ca,o f
coherence length of LRO is associated with order domain 8. o'0.. o*oor, 0 ' Oo
in a range - 20-800 A in diameter, and long coherence
lengths corresponding to order domains much greater (a) (b)
than 1000 A. For excellent reviews on cation order see -,i 3. (a) Ordered B-site superstructure of Pb(BBT_,)O, ,1
Cowley (1976) and Reynaud (1982)...... complex perovskite; (b) disorder B-site with primmte pero L ..

I
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(a)

Fig. 5. (21 1) zone axis pattern in Pb(Co, W, )O, taken at - 160C;
a strong order F-spot is indicated along with incommensurate
satellites (1).

(b)

I 50 nmI
I I (a)

I (c)

I (b)
-Opm

Fig. 4. (a) <110> zone axis pattern from relaxor Pb(Sc,,2Tai.,)Oj. the
diffuse and weak but discrete order spots are marked F-spots; (b) cor-
responding dark field image with nanoscale order domains (bright

contrast); and (c) long-range order being broken by antiphase boun-
daries in normal Pb(Sc,,:Ta,,2 )03 . Fig. 6. (a) <110) zone axis diffraction pattern from 0.9 PMN%-0 I PT

showing an order spot (F) and (b) the corresponding dark field im.c-
reveals nanoscale order domains ( t00A A).

So within the complex lead-perovskites Pb(B;/ 2B'/2)O1

(x= 1/2) systems there are several examples where the B-
site cations B' and B' have a driving force sufficiently tions. Perovskites such as PST and Pb(ln, Nb :)0

large from valence and ionic radii differences as to order (PIN) have lower driving forces close to the critical limit

the cations and give superstructure. For instance, of disorder and order occupancy of the B-sites. This is in-

Pb(Coi/zWi.. 2)0 3. has a strong driving force and grows with ferred by various annealing, quenching, and growth con-

almost complete ordering between Co+' and W +6 ca- dition effects which shows differing scales (LRO).' " In

I
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Table 1. Property differences between relaxor and nrmal perovakite ferroelectrncs.

Property Normal Relaxor

permittivity temperuture dependence e=e(T) sharp 1st or 2nd order transition about Curie broad-diffuse phase transition about
temperature Curie maxima (T.,j,

permittivity temperature and frequency weak frequency dependence strong frequency dependence
dependence e=e(T. MU
remanent polarization strong remanent polarization weak remanent polarization
scattering of light strong anisotropy (birefringent) very weak anisotropy to light (pseudo-

diffraction of X-rays line splitting owing to spontaneous deforma- no X-ray line splitting giving a pseudo-
tion from paraelectric- ferroclectric phase cubic structure

the x= 1/2 ordered perovskites there is an average B-site Table 11. Analysis of order and their corresponding dielectric

valence of +4 in the superstructure which gives rise to behavior in a number of Pb(B;B'..)O 3 systems.

so-called stoichiometric ordering. Relative coherence Dielectric
In the complex lead-perovskites Pb(B~, 2B+I 5 )O Comoun len or-iede sciro

(x= 1/3) systems there is a LRO with short coherence longp rageore

length of a 1:1 non-stoichiometric ordering between ca- Pb(Fe,, 2Nb1 ,z)0i (PFN) disordered normal

tions which gives an average valence not equal to +4. Pb(Fej/2aj/2)03 (PET) disordered normal

Th oa il ndcag opnaio ehnssa- Pb(Mg113Nb, 3 (PMN) short relaxorI
Thelocl iel ad carg cmpesaionmecansmsas 0.9 PMN:O.lI PT (PT-PbTiO,) short relaxor

sociated with non-stoichiometric order is not well 0.8 PMN:0.2 PT short relaxor
understood in these systems, but the fact remains that the 0,7 PMN:0.3 PT short relaxor

nanoscale order domains -100A do exist in X=113 0.6 PMN:0.4 PT disordered normal

systems, as observed by a number of authors. 20
24

) Pb(Zn111Nbz,,)03 (PZN) short relaxor

In our TEM study we are able to classify a number of 0.91 PZN:.OS PT short relaxor

complex perovskites based on their B-site cation order 0.885 PZN:. I IS PT disordered normal
and respective dielectric, X-ray, and optical properties. Pb(Ni,,1Nb,,)O, (PNN) short relaxor
The compounds and solid-solutions are then assigned to Pb(Sc, .Ja,,)O3 (PST) short relaxor

the normal ferroelectrics (antiferroelectrics) or relaxor Pb(Sc,,2Ta,,2)01 long normal

ferroelectrics (Table 1) as based on their characteristics Pb(IniNbi, 2)O, (PIN) short relaxor

outlined by Cross."1 The relations of the cation order in Pb(Mg112WI1 )03 (PMW) long normal

the complex lead perovskites to the respective dielectric Pb(Co,i/2W,/2)03 (PCW) long normal
behavior (normal or relaxor) are summarized in Table 11 Pb(Cd,,,Nbl/1)O3 (PCN) short relator

and in Fig. 7.
We observed that in the solid-solutions of

Pb(Mgi /3Nb2/3)01:PbTiO3, (PMN:PT), and Pb(Zn1 3Nb2/3) pms~t

03:PbTiO 3, (PZN:PT), there is a gradual disappearance
of the F-spot close to the morphotropic phase boundary CopeIed eosie
which separates strong relaxor ferroelectric behavior COI(iPIII 1.2")03akte

from normal ferroelectric behavior in the phase diagram
of solid solutions. So on the relaxor side of the phase
diagram there exists nanoscale cation order and in the No B-site Catimt B-site Cation Ordler

normal side of the diagram there is a cation distribution Order Present Present

which is atomically random or disordered with no
distinct superstructure. Also, we have included AtmcisrrSotCbeutLogoern

Pb(Fe11 2Nbjj2)O, (PFN) and Pb(FeijzTain)Os(PFT) as LAO Length of LRO
"4normal" ferroelectrics in Table 11 and Fig. 7. In a
number of studies on these compounds with bothI

ceaic ndsngecrsal hersut pit oarsa Normal Long Range sialbsttem NOn-Stotclsiomtric I
cermis ndsigl crstlsth rsuts oit owrd a DipoleOrder i (1m 1/2) Ot /3)

normal ferroelectric behavior despite a broad phase tran- PE. and A.F.E.. e.g..

sition in the permittivity versus temperature data.2" X-
ray, birefringence, and D.T.A. (differential-thermal- 0O63PmonIiftn31i03b1M RLaor F.E. e.g.. Foa FE

analysis) point to normal behavior.'""' Brunskill et al.'6 Oto(A1 41fr) ~lfta n T
PaM.TIuiM f flOp) Behavior. e g.

and Brixel et al.271 have extrapolated from the tempera- NV6M lafftnI
ture dependence of spontaneous birefringence, a polariza- M51*(Coi fftn*riaOh

tion order parameter in PEN and PFT respectively. This, M~CiiL~s

as Brixel et a/. concludes, suggests these materials behave spMW
like normal or proper ferroele~rics. So those complex we iwd s MM =iBoenoi1,.-

lead perovskites Pb(B;B,-,)O, and solid solutions which t"~i T&r4%OJ''
have classical relaxor behavior also possess nanoscale B- Fig. 7. Flow diagram showing the classification of complex lead ..

site order. This strong correlation is thought to be %,ery skites with respect to B-site cation order and dielectric brha',
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important in localizing polar regions or clusters as will be Where Jq is the optical birefringence, giju the quadratic
discussed below. electro-optic coefficients, P2 mean square polarization,

The complex lead-perovskite Pb(B;B1L.)O (x= 1/2) 4xj thermal strain and Q, k, are electrostrictive
and long coherence cation (LRO) and having ferroelec- coefficients of the material.
tric or antiferroelectric properties are traditionally re- At temperatures in the range (T< To), the nonpolar-
garded as normal ferroelectrics or normal antiferroelec- polar connectivity is described in 0-3. At lower tempera-
trics with long range co-operative interactions between tures (T<< TO) as more and more of the crystals volume
the dipoles. However, the authors here are cautious on becomes ferroelectric, the connectivity may change to
this point in light of new experimental evidence of incom- other forms e.g., 3-3, 3-0, etc. The mechanisms of the
mensurate satellite reflections observed in TEM studies kinetics involving stabilizing and equilibration of

on some of these materials.""1 Some of those compounds dynamic polar regions and clustering of neighboring
found in this subgroup such as PCW, PST, and PIN polar regions through local strain and local electric field
have subtle incommensurate dipole modulations associ- effects in the matrix phase is not well understood. But, a
ated with the paraclectric-ferroelectric phase transition; direct freezing in of the polar microdomain in the cold-
these may not strictly be classified as normal ferroelec- stage TEM studies on 8.2/70/30 PLZT has been ob-
trics or normal antiferroelectrics. More research is on-go- served by Randall et al. 3 " indicating the existence of
ing within this interesting subgroup of long-range B-site such polar domains. Also, the 'in-situ' switching of the
order lead-based perovskites in order to classify these polar microdomains to an aligned macrodomain state
materials. confirming their metastable phase transition in relaxors.

The new hypothesis suggests an intimate connection be-
2.1 An hypothesis for the relaxor ferroelectrics as a tween the 0-3 chemical order distribution (i) and 0-3

nanocomposite polar distribution (ii) in the complex lead perovskites at
Let us introduce the perovskite relaxor ferroelectrics in high temperatures T< To, provided the chemically or-

terms of a nanocomposite. These relaxor compounds as dered regions are associated with a much higher transi-
nanocomposites can be considered by two differing but tion than the surrounding matrix.
fundamentally related ways. In the following text we will test the 0:3 nanocom-

(i) We may consider the relaxor nanocomposite posite approach in relation to various existed models for
through its chemical connectivity. 9 According to the explaining the relaxor behavior.
above results the nanoscale LRO has a 0-3 connectivity
within a 3-dimensionally interconnected disordered 2.2 Reneike-Ngai theory (1976y"
matrix, as schematically represented by Fig. 8. This model was originally postulated with 'disorder'

(ii) We can also consider the relaxor nanocomposite phonon modes originating at highly defective regions of

on its mixing of polar and non-polar regions. The connec- the lattice and coupling with the matrix soft mode and
tivity of these two phases is very much a question of the locally perturbing the Curie temperature. This is sug-
temperature of the system. At higher temperatures, gested to give rise to 0-3 polar microregion distribt, tions
T> To, (T is a temperature where the total crystal is with various Curie temperatures and local pola, ization
paraelectric) then we have a material which is chemically order parameters. One of the major objecti.)ns to the
heterogeneous as described in (i) but electrically Reneike-Ngai theory was discussed by lsupov.:' He
homogeneous (or paraelectric). However, lower tempera- pointed out that the theory did account for the broad
tures below To, optical and thermal expansion ex- phase transition and described local polar microregions
periments indicates the on-set of a polarization through but it was based on a homogeneous crystal matrix with
non-linear index of refraction and thermal strain locally distributed defects. According to lsupov, a
effects:"'16, homogeneous matrix does not exist in relaxors and all

AJ~j(XgkiP 1 microscopic parts of the crystal are inhomogeneous.
We suggest here that the Reneike-Ngai theory should

AX,,JCQiJk Pki be reconsidered in light of the present nanostructural
observations. The new hypothesis suggests an disordered
matrix surrounding nar ,ccale order-domains; it is con-

Metrix Pbe:- ceivable that the order domains have additional phonon
High permittivity modes which could couple to the soft mode of the0 higlily Veiorizoblt

Aond elosticolly soft. matrix. The strength of the coupling and its perturbation
on the local soft mode transition give rise to local various
Curie temperatures. This in turn mdy be related to the
size of the cation order domains themselves.

,___.Ord reg ices. 2.3 The superparaelectric model (1987)'
The superparaelectric model (1987) satisfactorily ac-

counts for the nature of the polarization behavior in

Fit. 8. Schematic representation of nanoscale order domains (dark polar microregions. The sites of cation order in the disor-

regions) in a disordered matrix in the form of a 0-3 connected dered matrix may give potential wells - 100 A within the

nanocomposite. lattice in which to localize the superparaclectric poten-
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1-0 REPRESENTATION a) There is no knowledge of which part of the order-
At TITO disorder 0-3 nanocomposite is ferroelectric and

paraelectric at higher temperatures.
41 Vd b) There is, so far. no statistical analysis of the scale

of LRO distribution or volume percentage within I
--V these materials.

c) We have only a limited understanding of non-
0 0 stoichiometric order in the x= 1/ 3 complex lead

0 0 uprproolectic
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IABSTRACT

I Crystallization of coprecipitated PbTiO3 powder was studied by calcining as-precipitated

I powders at 400-8000C for up to 262hr. The coprecipitated powders were prepared from a

solution containing a 1:1 molar ratio of Pb(N0 3 )2:TiC 4 and a 1.1:1 molar ratio of H2 0 2:TiCI4.

The solution containing the lead and titanium complexes was slowly added to NH4OH solution

under constant pH = 10.00±0.05 conditions that induced precipitation. Transmission electron

microscopy (TEM) and X-ray diffraction indicated that the calcined powders consisted of an

intimate mixture of amorphous, cubic (or distorted tetragonal with co/ao<l.01), and tetragonal

3 (c 0/a o=1.065) PbTiO 3 particles between 10 and 400nm, with both particle size and phase

content depending on heat treatment. Powders exhibiting the cubic or distorted tetragonal

phase consisted of particles between 20 and 200nm in diameter. Fully crystalline tetragonal

PbTiO3 powders consisting of 100-400nm particles were prepared.

£
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INTRODUCTION 'I

The purpose of this study was to observe the particle size, morphology, and crystallization 3
behavior of coprecipitated PbTiO 3 powders. Previous reports on coprecipitated PbTiO3 have

described the coprecipitation process 1 ,2 and the dielectric properties 3o4 but little work has 3
been completed on the crystallization behavior of coprecipitated PbTiO3. Since the amorphous

as-precipitated powders and the calcined crystalline powders display extremely high surface 3
areas1 2, it was of particular interest to determine whether a cubic PbTiO 3 phase is formed in

calcined powders due to effects of particle size upon cubic to tetragonal transformation 3
energies.

In previous work on sol-gel derived PbTiO 3
5 , it was reported that an intermediate cubic

phase is formed during the amorphous to tetragonal transformation but it is unclear whether

the cubic phase is related to the small particle size of the powders. For PbTiO 3 prepared by I
the alkoxide method, a shift in the cubic to tetragonal transition temperature (Ta) toward lower

temperatures was reported for particle sizes below 50nm6. One group of workers have also

reported stabilization of a distorted cubic PbTiO3 phase for 20nm powders prepared by the

alkoxide method7 .

It has been suggested 8 that the decrease in TC with decreasing particle 3
size is due to an increase in pressure on the volume of the particle. This explanation assumes

that the pressure on the volume is due to an "effective" surface tension and that the Laplace 3
equation given by

(2) P -- surface tension.

r r f radius of particle.

2 I
I
I
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5 is valid for a solid. Such a model also assumes that the shift in TC is due only to pressure

effects such as those reported by Sumara9 .

5 A second approach to interpreting the shift in T c with size comes from the calculations

of Batra et al, on ferroelectric thin films. In this model, the stability of the ferroelectric phase

is lowered because of depolarization fields which arise from incomplete charge compensation

at the ferroelectric surface. For free ferroeletric particles in air, complete charge

3 compensation at the particle surface is not likely. Hence, depolarization fields will increase and

the stability of the ferroelectric phase will decrease with decreasing particle size. 10

3 Both of these models predict room temperature stabilization of the cubic non-

ferroelectric state below a critical particle size, but some factors are not considered which

could greatly effect this size dependence. Both models assume single domain states for the

ferroelectric phase. The effects of lattice defects, which may significantly contribute to the

free energy of a small particle, is also ignored.

In this paper we present evidence for a possible cubic phase in fine particle

coprecipitated PbTiO3 . Transmission electron microscopy (TEM) can be used to differentiate

I between, cubic (Pm3m) and tetragonal (P4mm) PbTiO3 phases by comparing converged beam

microdiffraction (CBMD) patterns of individup' oowder particles. Since PbTiO3 exhibits a

3 large difference between the ao and co unit cell parameters (c/a = 1.065), the 2-fold

symmetry along tetragonal <100> can easily be identified by measuring the distance between

5 the 100 and 001 spots of the CBMD pattern (see Figure 1). With a powder that contains both

cubic and tetragonal phases, the fraction of each phase can be determined by observing the

£ CBMD patterns of a large number of powder particles along <100> or <001> axes. Figure 2

shows the expected percentage of 2-fold and 4-fold CBMD patterns versus number fraction

3for powders containing both cubic and tetragonal particles. Using TEM with other supportive

£ 3
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experimental techniques, it is possible to determine thu particle size, shape and phase contenti

of coprecipitated PbTiO3 as a function of calcinationi time and temperature.

I
I
I

I
I
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EXPERIMENTAL PROCEDUREi
Figure 3 outlines the preparation of coprecipitated PbTiO3 powders. Hydrogen peroxidea

was added to 14.15+0.O2ml of TiCl4b solution (2.65mo1) in a 1.1:1 molar ratio of H20 2:TiCI4.

The mixture was then diluted with deionized water to give 1000ml solution and 37.50±0.02ml

i Pb(N0 3)2c solution (l.00mol/l concentration) was added to give a 1:1 ratio of Pb(N0 3)2:TiCI4.

Deionized water was added to the mixed solution to give a final volume of 1500ml solution.

I The solution was maintained at 43±2°C and constantly stirred. Precipitation was induced by

pumping the heated solution at 10ml/min into a three neck flask containing NH40 Hd solution.

I Ammonium hydroxide solution was added to the three neck flask simultaneously with the

Pb(N0 3)2/TiCI4 solution to maintain the pH in the flask at 10.00±0.05. The solution and

precipitate formed in the three neck flask was stirred constantly and the temperature was

maintained at 43±2°C. After adding all the Pb(NO3 )2/TiC! 4 solution to the three neck flask.

the precipitates were filtered and washed with deinionized water to remove CI" and N0 3" (less

3 than 0.1 mole percent of each species remained after washing). Concentrations of lead and

titanium in the wash solutions were also monitored in order to confirm that neither lead nor

5 titanium was leached from the precipitate. The precipitates were dried at 100°C and crushed

I a. Aldrich Chemical Co., Hydrogen peroxide 30% by weight
solution in water, A.C.S. reagent grade.

I b. Aldrich Chemical Co., Titanium (IV) Chloride 99.9%.

c. Aldrich Chemical Co., Lead (II) Nitrate 99+% AC.S. reagent grade.

3a d Aldrich Chemical Co., Ammonium Hydroxide A.C.S. reagent grade.

I 5I'
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to form a powder. Three gram samples of the dried as-precipitated powders were calcined at I
400 - 800*C for 0 - 260hr in covered alumina crucibles. I

The phase content of the calcined powders was determined by X-ray diffractione using

CuKa radiation at a scan rate of 120/min. Integrated diffraction peak areas were obtained 3
using a scan rate of 0.1°2e/min. All samples for X-ray diffraction were back loaded packed

powder specimens. The specific surface area of each powder was measured by a nitrogen single 3
point adsorption technique!1 Transmission electron microscopy9 (120kV) with energy dispersive

spectroscopy was used to investigate powder particle size, morphology, and composition. The 3
crystallographic structure of particles was determined using CBMD (20 and 40nm probe) and

selected area electron diffraction (SAED). TEM specimens were prepared from dilute

suspensions of PbTiO3 powders in isopropanol. A drop of the suspension was placed on a

carbon coated copper grid, dried, and carbon coated. 3
U
3
I
I

. Scintag Pad V dift ractometer, Santa Caaia, CA. I

f. Quantachrome monosorb, model MS-12, Syosset, NY. I

g Philips EM 420 transmission electron microscope with LINK EDS
attachment, Mahwah, NJ.

6
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RESULTS AND DISCUSSIONI
X-ray diffraction data of the as-precipitated powders and powders calcined at 400°C are

presented in Figure 4. The as-precipitated powder is amorphous as indicated by the broad peak

at d=3.0A. Crystalline PbTiO 3 peaks are not observed in powders calcined at 400°C until they

U have been heat treated for 262hr. Powders calcined at 500°C exhibited crystalline PbTiO 3 peaks

after 2hr at temperature (see Figure 5). For powders calcined above 500°C, the diffraction

Ipatterns were similar to the pattern at 500°C for 262hr.

A few of the diffraction patterns indicate that both amorphous and crystalline PbTiO 3

are present simultaneously as is demonstrated by the pattern for the sample heated at 400°C

-- for 262hr. In order to quantify the fraction of crystalline PbTiO3 present in each of the

calcined powders, the integrated II I peak intensities were measured and normalized to the

3 integrated Ill peak intensity measured for a standard coprecipitated powder calcined at 800'C

for 262hr. The concentration of crystalline PbTiO 3 increases markedly with increasing

calcination temperature and time as shown in Figure 6. Fully crystalline tetragonal PbTiO3 is

obtained only for powders calcined at 800°C.

Specific surface area as a function of calcination time and temperature is shown in Figure

7. At 400°C and 500"C, the specific surface area decreases with increasing calcination time.

indicating an increase in particle size and/or density. At 6000C, the specific surface area

remains constant. A small decrease in specific surface area with increasing calcination time is

observed again at 800°C, suggesting further increase in particle size or density.

TEM analysis of the powders provides further insight into the crystallization processes

occurring during calcination (see Table 1). As-precipitated powders exhibit particle sizes less

than or approximately equal to l0nm in diameter, but the primary particles are highl\

agglomerated as shown in Figure 8. Electron diffraction indicates that, powders calcined at

7



I

400 0C for 262hr. and at 5000C and higher temperatures consist of combinations of crystalline I
and amorphous particles. The fraction of crystalline and amorphous particles depended upon

calcination time and temperature, in agreement with the X-ray diffraction results. Examples

of CBMD patterns for crystalline single particles are shown in Figure 9a and b. Figure 9a 3
shows a 4-fold symmetry axis of either a tetragonal or cubic particle while Figure 9b shows

the 2-fold symmetry axis of a tetragonal particle. Some powders calcined below 800°C

exhibited more 4-fold symmetric CBMD patterns than would be expected statistically for a

purely tetragonal material (as indicated in Figure 1). Since it is difficult to distinguish co/a O  3
ratios of less than 1.01 in these CBMD patterns some apparent 4-fold symmetry patterns may

be 2-fold patterns of tetragonal particles with co/ao<l.01. Hence, the partially crystallized 5
powders consist of a tetragonal phase with co/.ao=1.065 and a cubic phase or tetragonal phase

with co/ao< 1.01. I
Powders calcined at 500°C for 10min. consist mostly of amorphous particles (as confirmed

by X-ray and electron diffraction), but some groups of crystalline particles were observed as

shown in Figure 10. The crystalline particles are equiaxed and are approximately 20-50nm in

diameter. All <100> or <001> CBMD patterns of crystalline particles exhibited 4-fold I
symmetry, thus indicating a cubic phase or tetragonal phase with co/ao<1.01.

The crystalline particles in powders calcined at 4000C for 262hr. and 5000C for 2hr. were

similar to those shown in Figure 10. These powders also contained large quantities of I

amorphous particles surrounding regions of crystalline particles. More 4-fold than 2-fold

symmetry CBMD patterns, for <100> or <001> directions, were observed for these powder

particles. Further evidence indicating the presence of cubic or distorted tetragonal phases

(1.000<co/ao<1.065) comes from asymmetry of the 002 and 200 X-ray diffraction peaks for 3
the partially crystallized powders. Figures I la and b shows the 002 and 200 diffraction peaks

for fully crystallized powder calcined at 800"C for 262hr and powder calcined at 500°C for

8 I
I
I



2hr., respectively. By comparing the two patterns, one sees that the peaks in Figure II b are

broadened asymmetrically. The 002 peak is broadened more on the high angle side while the

200 peak is broadened more on the low angle side. This is the type of diffraction pattern

expected for a powder containing a distribution of particles with co/a o ratios between 1.000

and 1.065. Figure lIb also shows an average co/ao=d 002/d 200=l.050 which is slightly smaller

than the co/ao=1.065 for large particle PbTiO3 powders.

Micrographs of powders calcined at 500"C for 24hr are shown in Figure 12. Clusters of

small amorphous particles are intimately mixed with larger crystalline particles. Necking

between amorphous particles (10 - 30nm), which was also observed in the powders discussed

above, indicates that the amorphous particles sinter before crystallizing. Crystalline particles

are 20-200nm in diameter and are generally equiaxed. Powders calcined at 600°C for 10min

I show similar quantities and morphologies of amorphous and crystalline material, but the

crystalline particle sizes range from 50- 100nm. As shown by electron diffraction, both powders

I appear to contain a cubic phase of distorted tetragonal phase.

Figure 13 is a micrograph of powder calcined at 600°C for 2hr. A small number of

amorphous clusters are found between the large crystalline grains. The amorphous clusters

3 consist of 10-30nm equiaxed particles. Crystalline particles are equiaxed, faceted and 20 -

100nm in diameter. Powders calcined at 500°C for 262hr. and 600°C for 24hr. exhibit

3 crystalline particles like those shown in Figure 13, but no amorphous particles were found.

At 800°C only crystalline particles were observed as shown in Figure 14. Both equiaxed

3 and elongated particles were present. Particle sizes ranged from 100-200nm for 10min. to 200-

400nm for 262hr calcination times. Particles also began to sinter at the longer calcination times.

3 None of the SAED ring patterns or CBMD patterns indicated the presence of Pb 2Ti206

or PbTi30 7 which are cubic structures that may possibly form within the calcined powders.

Hence it was concluded that the powders exhibiting excessive amounts of 4-fold axes contain

9
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cubic or distorted tetragonal (co/ao<1.01) PbTiO3. In all of the powders, especially those 1
believed to contain a cubic PbTiO3 phase, many of the small particles (<1OOnm) contained what

appeared to be dislocations or other lattice defects. Such defects may have large effects upon

the free energies of the crystalline phases, therefore causing the formation of a cubic phase. 3
With extended heat treatments, such defects would be depleted along with any phases stabilized

by such defects. By considering the phase information from both X-ray and electron 3
diffraction, a phase formation diagram as a function of calcination time and temperature can

be constructed as shown in Figure 15. The broken lines used to separate phase fields signify 

that the exact position and shape of the boundaries have not been conclusively determined.

Hence, the boundaries shown only indicate general trends in phase formation for increasing 3
calcination time and temperature.

I
I
I
I
I
I
I
I
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ICONCLUSIONS

I
Crystallization of coprecipitated PbTiO 3 powders is complex in that several phases occur

that are dependent upon heat treatment and particle size. Also, several particle morphologies

occur which are dependent upon heat treatment. As-precipitated amorphous powders exhibit

jequidimensional particles approximately l0nm in size which sinter and grow to form

equidimensional crystalline particles. Small equidimensional crystalline particles between 20-

100nm primarily show cubic or distorted tetragonal (1.000<c/a<1.065) symmetry. With

increasing calcination time and temperature, equidimensional crystalline particles grow in size

I (50-200nm) and transform to the tetragonal state (up to 400nm). Further calcination causes

necking between crystalline tetragonal particles along with particle growth, pronounced

I faceting, and particle elongation.

The reason for tne appearance of a cubic PbTiO3 phase at room temperature may be due

to lattice defects, size effects, charge compensation effects or a combination of many factors

arising from the boundary conditions imposed by nanometer size particles. Investigations of

materials containing higher quantities of cubic phases need to be completed before it can be

determined which physical effects play a dominant role in stabilizing a room temperature cubic

PbTiO 3 phase.

1
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FIGURE CAPTIONS

Figure 1- Calculated appearance of CBMD patterns from simple zone axes I
in cubic and tetragonal PbTiO3. For the tetragonal lattice

c/a = 1.0651 will appear in the <100> CBMD pattern as I
g010 /g0 01 = 1.0651. 1

Figure 2 - Probability for observing 2-fold and 4-fold <001> and <100> CBMD 3
patterns in a system containing cubic and tetragonal phases.

Figure 3 - Diagram for PbTiO3 coprecipitation process. I
Figure 4 - X-ray diffraction patterns indicating amorphous nature of

as-precipitated powders and powders calcined at 400°C for 24hr. 3
Powder calcined at 400°C for 262hr. exhibits tetragonal PbTiO3

peaks. 3
Figure 5 - X-ray diffraction pattern of powder calcined at 500C for 10min.

exhibits an amorphous structure while powders calcined for longer

times show tetragonal PbTiO3 peaks. I

Figure 6 - Relative concentration of crystalline PbTiO3 as a function of I
calcination time and temperature.

1
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I Figure 7 - Specific surface area of calcined powders as a function of

calcination time and temperature.

3 Figure 8 - Amorphous as-precipitated PbTiO 3 precursor powder.

3 Figure 9 - CBMD patterns of single particles in calcined powders.

a) cubic <100> direction or tetragonal <001> direction,

3 b) tetragonal <100> with a 1.06 ratio between the vertical and

horizontal spots.

i
Figure 10 - Crystalline particles that exhibit only 4-fold symmetry along

3 <001> or <100> axes in powders calcined at 500*C/10min.

3iFigure I I - a) 002 and 200 X-ray diffraction peaks for powder calcined at

800°C/262hr., b) asymmetrically broadened 002 and 200 peaks with

I average co/ao=d 002/d200=1.050 for powder calcined at 500°C/2hr.

I Figure 12 - Cluster of sintered amorphous particles (marked by arrow) and

100-200nm crystalline particles in powder calcined at 500°C for

24hr.

i
3] Figure 13 - Small 10-30nm amorphous particles (marked by arrow) between

large 100nm crystalline particles calcined at 600"C for 2hr.

1
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Figure 14 - Elongated and sintered tetragonal PbTiO3 particles calcined 1

at 800°C for 24hr.

Figure 15 - Formation diagram of PbTiO 3 phases as a function of calcination 3
time and temperature. Dashed line boundaries indicate general

trends and have not been determined exactly. 3
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Table 1 - Phase Content and Particle Size of Calcined Powders

Calcination Calcination %Amorphous Cubic Tetragonal
Temp. (C) Time (hr.) Phase (±10%) Phase Phase

3 400 24 100
(lOnm)

400 262 95 yes yes
(10- 2Onm) (20-5Onm) (50-lOOnm)

500 0.2 85 yes
(10-5Onm) (20-5Onm)

500 2 70 yes yes
(20-5Onm) (20-5Onm) (50-10Onm)

500 24 15 yes yes3 (10-20nm) (20-75nm) (100-200nm)

500 262 0 yes
(100- 200nm)
(elongated)

600 0.2 50 yes yes3 (50-lOOnm) (50-lOOnm)

600 2 15 yes
(lOOnm)

600 24 0 yes
(lOOnm)

1 800 0.2 0 yes
(100-200nm)
(elongated)

800 2 0 yes
(150-200nm)3(elongated)

800 24 0 yes
(200-300nm)

(elongated)

800 262 0 yes
(200-400nm)
(aggregated)

1
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I Sol-gel method is gining importance in the field of electronic ceramic materials. It is important to study the structure of the
gels before processing to final product. Lead-, magnesium-, niobium- and titanium-containing gels of different composition have
been prepared and characterized by TEM. The TEM study revealed that the as-prepared gels have a coarse texture and showed
some crystallites of a few mmometer in size. Analyses by EDS and SAEDP indicated that phase separation exists on a very fine
scale.

1. Introduction et al. [61 have reported the structure of polymeric
PbTiO3 gels using transmission electron microscopy.

Sol-gel processing is one of several methods cur- Previously we have reported [31 the sol-gel pro-
rently under investigation for the preparation of cessing of lead magnesium niobate having perov-
electronic and high-technology ceramic materials. skite structure. In the present investigation the phys-
Due to the intrinsic nature of the synthetic schemes ical structure of several gel compositions such asI available, sol-gel processing offers significant ad- Pb(Mgl/ 3 Nb 2/3)0 3 (PMN), 0.9Pb(Mg,/ 3Nb2/3)0 3-
vantages (e.g. higher purity, molecular homogeneity, 0.lPbTiO3 (PT), and 0.65Pb(Mg,/ 3Nb 2/3)O3-
reduced processing temperatures and unique fabri- 0.35PbTiO 3 have been studied by transmission elec-
cation opportunities) over conventional processing tron microscopy (TEM).

I methods [ 1,2 1. Recently we have reported the im-
portance of the sol-gel process for the preparation of
electronic ceramics in a review paper [3]. The im- 2. Experimental

I portance and the application of the sol-gel process
will be understood only if we know the chemistry of Complex alkoxide of PMN (A) was prepared by
the precursor or gels. The chemistry of the gelation reacting lead acetate, Pb(CH3COO) 2"3H20 with
step normally involves the controlled hydrolyses of magnesium ethoxide, Mg(OC 2H5)2 and niobium
single- or multi-component alkoxides to form a three- ethoxide, Nb(OC, 4,) 5, in methoxyethanol. Details
dimensional network of metal-oxygen linkages. Part of the complete reaction procedure are given for the
of the versatility of the sol-gel technique arises from PMN gels in our earlier paper [ 3 1. In the prepara-H the fact that soluble inorganic salts can be incorpo- tion of 0.9PMN-O.IPT (B) and 0.65PMN-0.35PT
rated into these networks, either by actual chemical (C) gels, titanium isopropoxide was used as tita-
reaction or simple entrapment in the gelled matrix, mum source. Titanium isopropoxide was added to
Several groups have recently taken advantage of the the solution containing Mg(OC2H,) and
solvating ability of 2-methoxyethanol to develop Nb(OC2H,), in methoxyethanol to prepare PMN-
synthetic schemes for the preparation of a series of PT gels. Complex alkoxide solution was hydrolysed
lead-containing perovskite materials in the PT, PLZT with a stoichiometric amount of water mixed with
system using lead acetate as tl' precursor [4,5 ]. Dey methoxyethanol and allowed to gel at room temper-

ature. The gels were heated at 325°C for I h and cal-
Also with the Department of Agronomy. cined at 775'C for 2 h to form the respective oxides.

0167-577x/89/$ 03.50 0 Elsevier Science Publishers B.V. 161
(North-Holland Physics Publishing Division)
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Samples for TEM analysis were prepared from a curring at 4.1 and 2.8 A, respectively, identified the

diluted suspension of the as-prepared gel powder and perovskite phase while the pyrochlore phase was
from the ground calcined material in isopropanol. A identified by its {222} reflection at 3.G A.
drop of this suspension was transferred to a carbon-
coated grid which was again carbon-coated after
drying. The specimens were studied using TEM 3. Results and discussion
(Philips EM420, 120 kV) fitted with an energy-dis-
persive spectrometer (EDS, LINK). Care was taken Bulk gels of all the three samples were transparent
not to intensify the electron beam on the specimen and yellow in color. They were amorphous to X-rays I
while studying the gels in TEM. Selected area elec- and remained so even after heating the gel up to
tron diffraction patterns (SAEDP) were obtaincd to 4000C. Gels dried at room temperature and calcined
study the crystal structure and the crystallinity of the at 775 OC for 2 h were studied by TEM. Careful TEM
material. A serniquantitative EDS determination was investigations of the as-dried gel materials (A, B and
used to get spectra of elemental analysis of the gels C) showed amorphous nature giving a diffuse ring
and was done either from many particles to give av- pattern at - 3 A and with a grain size of 5- 10 nm.
erage composition or from single crystalline parti- A typioal TEM bright field image of the PMN gel is
cles. Convergent beam electron diffraction (CBED) shown in fig. I. The gel appears to be coarse in tex-
was also obtained to get diffraction patterns from the ture. Dark field image of the same gel shows scat-
particles. The probe size both for EDS spectra and tered grains of a few nanometer in size in all speci-
CBED patterns ranged from 20 to 40 nm. In some mens (A, B and C). An example of a dark field image
cases EDS spectra were obtained from regions of 100 of the PMN gel highlighting the crystallites is shown
to 500 nm. The reflections in the diffraction patterns in fig. 2. Analysis by EDS indicated homogeneity of
were used to determine the phase distribution. The Pb, Mg and Nb on a fine scale in gel A, whereas in
{001} and (110} reflection from the perovskite oc- the other two gels (B and C), the crystallites contain I

• I

- I

Fig. I. TEM bnght field image of PMN gel.
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sponding to the {001) reflection of perovskite. The
phenomenon of phase separation in gels was also ob-
served by Schaefer and Keefer [7,8 1. Recently, Low
and McPherson [91 also reported phase separation
which is attributed to the unfavorable free energy of
mixing and/or the inherent polymerization and con-
densation of polymer species in gels. Brinker and
Scherer[ 10 ] pointed out that hydrolysis conditions
during the process of gelation favor phase separation
in gels. They believed that the process of phase sep-
aration could be completely suppressed in acid-
catalysed gels as observed by Brinker et al. [8] and
Nogami and Moriya [ JI ]. Acid-catalysed gels of A,
B and C were prepared and the TEM study revealed

200 n that the chemical composition was homogeneous to
a certitin extent but phase separation persisted on avery fine scale. Hence it is very unlikely that phaseFiS. 2. TEM dark field imap of0.9PMN-0.I Fr gel separation in gels can be completely suppressed al-

though its scale may be monitored to approach, but
not reach, single phase.

When the gels were exposed to a strong electron
beam for some time, a larger number of crystalline
grains were seen in the dark field image of TEM. It
may be due to the interaction of the electron beam
with the gel which causes this effect. The SAEDP
from the material exposed to electron beam for long
time gave mainly perovskite lines while a few pyro-
chlore lines were also observed. When gel C is ex-
pc-ed to strong electron beam, the SAEDP gave only
perovskite lines and pyrochlore lines were found nei-
ther in SAEDP nor in CBED (fig. 4). This may be
due to the addition of PT, which stabilizes the for-
mation of perovskite phase.

The calcined gels at 775°C were also examined by
TEM and X-ray powder diffraction, which indicate

the formation of perovskite phase with some py-
rochlore phase. The calcined material from all three

Fa8. 3. Selected area diffcton patnern of PMN el. gel compositions consisted mainly of perovskite
phase.Imore titanium. Electron diffraction pattern for a

typical as-prepared PMN gel (fig. 3) shows a diffuse
ring at ft 3 A from the amorphous material and a few 4. Conlusion
spots from the scattered crystalline grains. Similar Studies of PMN-PT sol-gels by TEM reveal that
observations were made in PbTiO3 gels prepared un- phase separation occurs on a very fine scale due to
der basic conditions indicating inhomogeneous cat- differing hydrolysis rates of the chemical species
ion distribution on a fine scale 161. Analysis by involved.

* CBED from many single grains revealed that the
_ largest "d" value to be observed was 4.2 A corre-

163

I



Volume 8, number 5 MATERIALS LETTERS June 19193

ReferencesI

I I S.P. Mukheriee J. Non-Cryst. Solids 42 (1980) 477.
(21 H. Dislich, J.Non-Crysi.SolidsS57 (1983) 37 1.
(31 P. Ravindranathban. , Komarneni. S.C. Cboi, A.S. Bhaila

an .Roy. Ferroelectrics 7 (1911) 810.3
[41 J.B. Blum and S.R. Gurkovicb. J. Mater. Sci. 20 (1985)

"479.
5S) K.D. Budd, S&C. Dry and D.A. Payne, Proc. Brit. Ceram.

Soc. 36 (1985) 107.

70 (1917) C295.
(71 D.W. Schaefer and L.D. Keefer, in: Seter ceramics duough

chemistry. eds. CJ. Brinker, DE Clark and D.A. Ulrich
(North-Holland, Amsterdam 1914) P. I.

(1 CJ. Drinker, K.D. Keefer, D.W. Schaefer and C.S. Ashley,
J. Non-Cryst. Solids 48 (1982) 47.

191 LM. Lowand R.McPberoo, J. Mawe. S& 23 (19U8)414 1.I
I101 C.J. Drinker and G.W. Scherer, J. Non-Cryst. Solids 70

(1985) 301.
I1I1I M. Nopini and Y. Monye. J. Non-Cryst. Solids 37 (1910)

Fit. 4. Selectd are diffraction pattern of 0.6SPMN0.35PT geL 191.-

Acknowledgemnt

This research was supported by the Office of Na-.

val Research Contract No. N00014-86-K-0767.

164



I

I
I
I
I APPENDIX 12

SOLID-STATE EPITAXIAL EFFECTS IN STRUCTURALLY DIPHASIC
XEROGEL OF Pb(Mgl/ 3 Nb 2 / 3 )O3

I P. Ravindranathan
S. KomarneniIR. Roy

I
I
I
I
I
I
I
I
]
]
I



I SOLID-STATE EPITAXIAL EFFECTS IN STRUCTURALLY
DIEPHASIC XEROGEL OF Pb(MglI3Nb2/3)O3

I P. Ravindranathan, S. Komamneni*+ and P, Roy*

Materials Rteach Labortory
The Pennsylvania Sut University

University Park, PA 16802

I J. Am Cormm Soc. ComunicatOnW

*Membe, American Cermic Society
+A~s with the DepaWmnt of Agrny



2
ABSTRACT 3

Lead magnesium niobate (PMN). Pb(Mg3Nbj3)0 3, with perovskite structure has been

prepared using structurally diphasic PMN gels. Diphasic gels were made using various I
concentrations of perovskite PMN seeds. The unseeded gel calcined at 775'C for 2hr gave -98% 1
of povskite PMN phase. The use of 1% PMN perovskite seed not only led to a pure perovskite

phase but also lowered the crystallization temperature of these geLs by about 75C. These results

show that the use of structural nanoheterogeneity helps to lower die crystallization temperature and

to stabilize the perovskite phase. 3

I
[Key words: diphasic xerogel, epitaxy, le~d magnesi.um nobate, crystallization.]J
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INTRODUCTION

ead magnesium niobate, Pb(Mgl/3Nb2/3)O3 (PMN), is an important ferroelectric relaxor

material. It has shown great promise for application in both capacitors and electrostrictive actuators

(1,2). A significant problem, however, exists in the preparation of this material Le., it is very

I difficult to prepare the phase with only perovskite structure. Usually, an unwanted pyrochlore

phase also forms during the processing of PMN. The pyrochlore phase deteriorates the dielectric

property. Depending upon the processing conditions, the amount of pyrochlore phase will vary.

A few methods have been reported in the literature (3-5). in which perovskite PMN has been

I synthesized but the temperantre of formation is high. Swartz and Sh-nut (3) prepared perovskite
PMN at 80C using columbite precursor, which was in turn prepared at 1000C. Even with the

above method a small amount (S2%) of pyrochlore was observed.

It is well known that sol-gel method is widely employed to prepare ceramic oxides at low

temperature. The other advantages are high purity, molecular homogeneity, better control of

3 stoichiometry and formation of ultrafine powders. Recently, ther is a considerable interest in

making electroceramics by the sol-gel process. We have recently reported the importance and the

I preparation of perovskite PMN by ol-gel method (6). Our results showed that pure perovskite

phase can be formed at a temperature as low as 775"C

A recent innovation of the ol-gel process is to make maximally heterogeneous materials. The

3 new concept has resulted in a family of nanocomposites; a new class of di- or multiphasic materials

where the two or more phases may differ in composition (7-10) or in structure (I I). These

3 structurally diphasic materials with crystaline seeds in amorphous or semicrystalline gels of the

same composition appear to be highly promising for densification and in radically lowering the

I ceramic processing temperatures. Our present experiments use the sol-gel route to make diphasic

xerogels of PMN which ux nanocomposites and which serve as precursors for making perovskite

PMN at very low temperatures. In this paper, the effect of PMN seeds in lowering the

3 crystallization temperature of PMN is reported.

I
i
I



EXPERIMENTAL PROCEDURE

Complex alkoxide solution was prepared by reacting lead acetate, Pb(CH3COO)2-3H20,"

with magnesium ethoxide, Mg(OC2H5)2,* and niobium ethoxide, Nb(OC2Hs)2". Water

associated with lead acetate was removed by dissolving and refluxing lead acetate at 125C in

methoxyethanol in flowing argon atmosphere in a two neck reaction flask. Then a mixture of I
Mg(OC2IIs)2 and Nb(OC2HS)5 in methoxyethanol was added and heated at 1 106C for 12 Irs to

form complex alkoxide. The resulting solution was hydrolyzed with water in methoxyethanol and I
allowed to gel at room temperature.

The PMN gel prepared by the above procedure was calcined at 775"C for 2 hrs with an

intern t heating step at 325"C for I hr to remove the organics. The calcined powders were 3
characterized by x-ray powder diffraction (XRD) and transmisson electron microscopy (TEM).

These powders were used as seeds, by dispersing them in methoxyethanol in an ultrasonifier. The

paricles forming the stable sol are crystalline (perovskite PMN) and approximately 200 nm in size.

The PMN seed sol was added to the complex alkoxide solution and stirred vigorously. The I
gelation occurred within 24 hrs. The addition of seed to the solution prior to gelation led to the

structurally diphasic geL This diphasic PMN gel was dried at room temperature and calcined at

differen temperature

Since the crystallization of PMN does not lead to a clear exotherm during differential thermal

analysit powder x-ray diffraction (XRD) was utilized to determine the temperature of I
crystallization. The XRD was carried out for the gel fired at various temperatures. The relative

amount of pyrochlore and perovskite phases were determined by measuring their respective 100% 3
intensity peaks [Le. (110) for perovskite; (222) for pyrochlore]. The percentage of perovskite

phase was calculated by using the following equation

% perovskite 100

+!

Akrchb, Milwaukee, Wiscnia. n
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RESULTS AND DISCUSSION

I The as-dried unseeded gel powder was found to be amorphous by XRD. Differential thermal

analysis of the gel showed an exotherm at 320"C which is due to the oxidation of organics present

in the gel The gel powder calcined in air at 775"C showed the formation of perovskite phase

1 (-98%). Cubic pyrochlore phase was observed as an intermediate product below 700"C prior to

the perovskite phase formation. With our earlier observation (6) and from other reports (2,3) it is

concluded that formation of perovskite phase from pyrochlore phase may be a kinetic problem. In

fact, pure perovskite phase was obtained at 700'C after heating the PMN gel for 120 hrs.

I The percentage of perovskite phse formed from the structurally diphasic PMN gels with

various concentration of seeds heated at various temperature is shown in Fig. 1. The data show

Ithat seeding with as little as 1% of PMN nuclei lowered the formation temperature of perovskite

phase by about 75"C compared to the unseeded gel. With 5% seed, pure perovskitc (100%) phase

was prepared at a tempature as low as 675"C. The x-ray powder diffraction pattern of the

Sstructurally diphasic gel with 5% seeds and calcined at 675"Cfor 2 hrs is shown in Fig. 2. Figure

2 clearly shows the formation of pure perovskite phase. With increasing seed concentration, the

U amount of perovskite phase increased (Fig. 1). It is clear from these results that a significant

lowering of the formation t occurred upon seeding by some form of solid-state epitaxial

reaction. These results are in agreement with the concept of "nucleation and epitaxial growth,"

which is believed to govern the reactions occurring in isostructurally seeded gels (12). The

expected equilibrium phase (perovskite) can grow from the gel matrix onto the provided nuclei

3 along certain crystallographic directions. This type of heterogeneous nucleation eliminates the need

for the system to exceed the activation energy required for the formation of the nuclei as in the case

I of a system with homogeneous nucleation. As a result, the perovskite phase can crystallize at a

lower temperature (13).

The influence of 1% concentration of PMN seeds in structurally diphasic gels on the

3 crystallization of perovskite PMN phase at 675"C has also been studied as a function of time and

the results are plotted in FIg. 3. It is clear from Fig. 3 that it is possibel to get 100% perovskiteI
I
I
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phase after heating th: diphasic gel for 50 hrs. Thus, as pointed out above, isostructural seeding i
works via epitaxial growth on the nuclei provided, thereby lowering the crystallization temperature

in the structurally diphasic gels. !

CONCLUSION I
This study has demonstrated that isostructural seeding not only lowered the formation 3

temperature of perovskite PMN very substantially (,75"C) but also stabilized the perovskite phase.

The lowering of the crystallization (formation) temperature in structurally diphasic gels can be

explained by an epitaxial growth mechanism. I
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FIGURE CAPTIONS
Figur 1. Percentage of pewvskite ph=s vs. temperature for the PMN gel with various

coany.ntration of see&s

Figur 2. X.ray powder diffraction pattern of diphasic gel Calcined at 67S*C,2 hr.

Figure 3. percentage of perovskcite, phas vs. calcination tim at 675T for the 1% seeded PMN
gel.I
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I.

SSYNTHESIS OF ULTRA-FINE AIN POWDERS BY THE REACTIVE-
ELECTRODE SUBMERGED-ARC METHOD (RESA)I
Toni Ono, Paul W. Brown, James H. Adair and P. Ravindranathan3 Materials Research Laboratory
The Pennsylvania State University
University Park, State College, PA 16802

The RESA method was applied to fabrication of ultra-fine aluminum nitride
powders at low temperature. Pure aluminum rods were used for the electrodes and
liquid nitrogen or liquid ammonia for the dielectric fluid. Powders formed in liquid
nitrogea were a mixture of y-aluminum oxide, aluminum and hexagonal aluminum
nitride. Most of the particles were spherical, with sizes ranging from 5 to 100 nm- a
few small polyhedral particles were also observed. Powders formed in liquid

ammonia were a mixture of hexagonal aluminum nitride and aluminum. The
particles consisted of large polyhedral particles (30-100 nm) and super-fine3 particles (less than 10 nm).

m INTRODUCTION

Ultra-fine ceramic powders are attractive for new applications. Komarneni et al.
reported the controllability of the microstructurel and the lowering of crystallization
temperature 2 by using ultra-fine particles. The phenomenon of atom movement in
ultra-fine particles 3 is one of the unique characteristics they exhibit. A variety of

methods, such as sol-gel processing,4 plasma method5 and spark erosion, 6 have
Deen applied to the fabrication of ultra-fine powders. Kumar and Roy introduced a3 new method for the fabrication of ultra-fine ceramic powders, called RESA,
Reactive-Electrode Submerged-Arc, and reported syntheses of\, arious oxides7 and3 carbides. 8 As a further step, we have applied RESA to the fabrication of ultra-fine

m
I
I



I
nitride particles. The synthesis of aluminum nitride is the subject of the I
investigation. Because of its high electrical resistivity, high thermal conductivity
and translucency, aluminum nitride is one of most promising materials for 3
electronic devices, especially for super integrated circuits which emit large amounts
of heat. 9 In this paper, AIN powders fabricated using liquid nitrogen and liquid
ammonia were analyzed using X-ray diffraction (XRD), transmission electron I
miroscopy (TEM), energy dispersive analysis of emitted X-rays with an ultra thin
window for light elements (UTW), and surface area analysis. 3
EXPERIMENTAL

Apparatus

A schematic of RESA apparatus is shown in Fig. 1. Two high purity aluminum H
rods were used as the reactive-electrodes and submerged in liquid nitrogen or
liquid ammonia in a thermally insulated glass container. A welding transformer, I
which produces a high AC current, is used as the power source for the arc. One of
the electrodes can be moved by a linear actuator, the other is fixed. The applied
current is detected by a current sensor and monitored. Automatic operation is I
possible by comparing the set current and the applied current. If the applied
current is lower than the set current, the controller sends a signal to move the i
electrodes closer together to maintain the proper distance for a stable arc.

Synthesis of Powders i

When an arc occurs between the electrodes, the temperature of the area around the
arc becomes extremely high. Both the electrode metal and the dielectric fluid are
locally evaporated, atonized and/or ionized, and react in certain temperature range.
The products are rapidly cooled by the surrounding dielectric fluid. Fig. 2 shows I
an idealized arc spot. In the figure, isotherms are idealized as concentric circles,
where 2743 K is the boiling point of aluminum, =2700 K is the decomposing point 5
of aluminum nitride, 934 K is the melting point of aluminum, and 77 K is the
boiling point of nitrogen under 1 atm.. Powders were readily synthesized in liquid
ammonia. However, yields of powders synthesized in liquid nitrogen were I
extremely low. I

I
I
I
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jN S dI Fig. 1. Schera,-ic of RESA apparatus. Fig. 2. An idealized arc spot.

AIIE
Treatmentuof Powders

immediately evaporated, and the glass container washed to detach the powders
from the container wall using low polarity liquid such as tertiary butyl alcohol. The3 powder-butanol slurry was sonicated. The samples for TEM and UTW were taken

from this slurry and dropped directly on the sample holder. The rest of slurry was
i freeze-dried, and the powders collected. The powders are characterized by XRD,

TEM, UTW, and surface area analysis.

3 RESULTS AND DISCUSSION

i XRD

XRD patterns of powders obtained using liquid nitrogen and liquid ammonia are3 shown in Fig. 3 and 4, respectively. According to the JCPDS files, the common

peaks in the figures result from aluminum metal (4-787) and aluminum nitde (25-
1133). The extra peaks in Fig. 3 are very close to those of cubic aluminum nitrideI(34-678) or of -aluminum oxide (10-425), but it is impossible to identify the

compounds responsible for these peaks by XR D alone.

I
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Fig. 3. XRD pattern of powders synthesized in liquid nitrogen.
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Fig. 4. XRD pattern of powders synthesized in liquid ammonia. 3
TEM 3
A TEM micrograph of powders from liquid nitrogen is shown in Fig. 5. The

powders consist mostly of spherical particles with a few polyhedral partcles also
present. The range of diameters for the spherical particles is about 5-100 nm. The
diffraction pattern shows some rings and obvious bright spots, which fit both y -

aluminum oxide (JCPDS#10-425) and cubic aluminum nitride (JCPDS#34-679).

A TEM micrograph of powders obtained from liquid ammonia is shown in Fig. 6-

(a). There are no spherical particles but, rather, larger (30-100 nm) polyhedral 3
particles and smoke like concentrations of super-fine particles. A diffraction

pattern taken from this region indicates hexagonal aluminum nitride. As shown in

Fig. 6-(b), an amorphous pattern is observed in the super-fine particle region in the

same sample.

I
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Fig. S. TEM micrograph and diffraction pattern of powders

formed in liquid nitrogen.

*(a)(b

200nm200nm

I Fig. 6. TEM mnicrographs of diffraction patterns of powders formed in liquid
ammonia: (a) rather large particles, and (b) super-fine particles.



I

UTW I

Typical UTW patterns for powders prepared in nitrogen and ammonia are shown 3
in Fig. 7 and 8, respectively. Powders synthesized in liquid nitrogen show few
nitrogen counts. On the other hand, the powders prepared in ammonia contain
significant nitrogen, although oxygen is also present.
The reason for presence of oxygen in the powders synthesized in liquid ammonia
is currently being investigated. It may be associated with post-synthesis oxidation. 3
These data suggest that the unassigned XRD peaks shown in Fig. 3 for powders
prepared in liquid nitrogen are in fact y-A 03 peaks. The very low yields of
powder support the conclusion that AIN formation is not favorable in liquid
nitrogen. The formation of y-A1203 is associated with the presence of contaminant

oxygen in the system. y-A, 203 also forms when water is used as the dielectric 3
fluid.

7

While this is evidence for the formation of hexagonal and amorphous AIN, the

formation of the cubic polymorph reported by Kieffer et al.10 has not been
observed. That -€-A10 3 forms in some instances combined with the coincidence of

the y-A,0 3 and cubic AIN diffraction peaks may warrant reconsideration of the I
existence of the latter.

AlEts: UsaI
VFU: 1443

Peaks of C at 0,276 ov and C u

i, S*2S of 11" from Ie

- II
ifwnor" ta1

Fig. 7. UTW of powders formed in liquid nitrogen.

A also Tmee

WlIR: 4404

Pmbs of C at ".27"W ON Cm
at 0.0301V ame tm" me

Fig. 8. UTW of powders formed in liquid ammonia.
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5 SURFACE AREA ANALYSIS

The results of surface area analysis and calculated average diameters (assumed
spheres) are shown in Table 1. For powders synthesized in liquid nitrogen, the
calculated values of average diameter are in accord with sizes observed in the TEM

micrographs. The calculated diameters of powders synthesized in liquid ammonia
show intermediate values between large particles and super-fine particles observed
in TEM. The large surface areas observed by surface area analysis are consistent
with the formation of very fine and highly reactive particles.

3 Table I Specific surface area and calculated average diameter of powders
Powders Using Liquid Nitrogen Powders Using Liquid Ammonia

Surface Area Diameter Surface Area Diameter
(m 2 /g) (nm) (m 2/g) (nm)

40.7(for 100% A1203 )

37.0 60.0(for 100% Al) 278.8 &0(for 100% Al)
50.7(for AIN) 6.7(for 100% AIN)

CONCLUSIONS

Powders synthesized using liquid ammonia are a mixture of hexagonal aluminum
nitride and aluminum. They consist of rather large polyhedral particles (30-100
nm) and super fine particles (less than 10 nm).
Powders synthesized under liquid nitrogen are a mixture of y-aluminum oxide,3 aluminum and hexagonal and amorphous aluminum nitride. Most of the particles
are spherical, with sizes between 5-100 nm. A few smaller polyhedral particles are
also present.
The presence of aluminum oxide in the powders made using liquid nitrogen is
assumed to be caused by oxygen contamination, and the y structure is as the same3 as that of the powder made using deionized water.
There was no evidence for the formation of cubic aluminum nitride.

I FUTURE WORK

3 To eliminate sources of oxygen contamination.
To decrease the amount of residual aluminum metal.5 To apply the RESA process to the fabrication of other nitrides.
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Solution - sol - gel processing of superconductors

S Komarneni, P Ravindranathan, A S Bhalla and R Roy3Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802,
USA
Abstract. Bulk materials and thin films of pure and homogeneous YBa2Cu3O7.x and

Bi2Sr2CaCu2O8+x compounds were prepared by a nanocomposite solution - sol - gel (SSG)
method. The superconducting oxides of YBa2Cu307 x and Bi2Sr2CaCu 2O 8 +x were made at

_ very low temperatures i.e., 750"C and 850"C, respectively by the SSG method. Pellets sintered
from these nanophasic sol powders showed sharp resistivity drops at Tc - 90"K for
YBa2Cu307.x and Tc - 67"K for Bi2 Sr 2CaCu2Os+x. Thin films were prepared using triphasic
sol of Y, Ba, Cu and tetraphasic sol of Bi, Sr, Ca and Cu on MgO and SrTiO3 substrates. The
triphasic sol coated on SrTiO3 substrates and calcined at 800"C for 12 h showed the formation of

superconducting phase, YBa2Cu 307. x with preferred orientation along the C- axis. X-ray
diffraction patterns of the Bi2Sr2CaCu2O8+ x films on MgO substrate showed the formation ofI the superconducting phase with preferential orientation along the C - axis and the microwave
absorption data as a function of temperature of this film revealed the onset temperature to be
90"K.
Keywords. High temperature superconductors; sol - gel; thin film; YBa 2 Cu 3 O7.x;

Bi2Sr2CaCu208+x

1. Introduction
Innovative materials processing is the key for the technological utilization of the new high3 temperature superconductors such as YBa2Cu307. x and Bi2Sr2CaCu2O8+x. The vast majority
of syntheses of these superconductors to date involved conventional solid state reactions of the3m starting materials, Y2 0 3 , CuO, Bi 2 0 3 , BaCO 3 , CaCO 3 , and SrCO3 which need high
temperatures and long reaction times. The key factor for the preparation of these materials at
low temperatures is the synthesis of precursors through simple solution chemistry. Generating
new precursors of these high Tc oxide materials through low temperature molecular chemistry is
particularly important from the standpoints of powder homogeneity, purity, and reproducibility.I Solution routes, especially the SSG route is also ideal for low temperature processing of bulk
materials, fibers, composites, and coatings or thin films (Yoldas and O'keefe 1979; Dislich and
Hussman 1981; Hoffman et al 1984). A recent innovation of the SSG method is the utilization of
heterogeneity on a nanometer scale and has been found to have profound effects on lowering the
processing temperatures (Roy 1987). We have reported earlier the preparation of YBa2Cu3O7 .x

through this process at a very low temperature (Ravindranathan et al 1988). This paper reviews
the SSG process developed in our laboratory for the preparation of both YBa2Cu3O7.x and

Bi2Sr2 CaCu2O8+x in bulk as well as in thin film forms.



U
2. Experimental I
2.1 Synthesis of bulk materials of YBa2Cu3OT.x

A non aqueous sol of copper oxide was prepared by dissolving anhydrous copper acetate,

Cu(CH3 COO)2 in methoxyethanol at 70"C, and refluxing the solution at 135"C for 15-20 h. A
brown solid separated out from the solution that was found to be fine-particle CuO, as confirmed

by powder X-ray diffraction (XRD). Yttrium acetate was dissolved by heating in methoxyethanol I
at 70"C, and refluxing at 135"C for 12 h, which resulted in a brown colored solution, probably

the ethoxide derivative of yttrium. To this solution, stoichiometric amount of barium U
isopropoxide was added and the mixture was heated at 70"C for a few hours. The copper sol

was then added to this mixture at room temperature and stirred well. All these reactions were 5
carried out in argon atmosphere. A slight excess of deionized water mixed with methoxyethanol
in 1:4 ratio was added for hydrolysis and the mixture was refluxed for 6-10 h. The metal oxides

were precipitated quantitatively from the reaction mixture by simultaneous hydrolytic U
decomposition of the alkoxides. The intimately mixed triphasic sol was dried at 175"C for a few

hours. The resulting gel was finely ground and calcined at various temperatures. 3
2.2 Preparation of thin films of YBa2Cu307.

Thin films of YBa2Cu3O7.x were made by dropping the above triphasic sol on the cleaned

SrTiO 3 (hot pressed) substrate and spin casting with a speed of 2000 rpm for 30 seconds.

After coating the first layer of the sol, the film was dried at 175"C using an infrared lamp for one

minute. The drying process was repeated after each coating of the sol and substrates with 10 I
layers were prepared to achive sufficient film thickness. The films on the substrates were then

calcined at 800"C for 12 h and annealed in 02 atmosphere at 500"C for 5 h. 3
2.3 Synthesis of bulk materials of Bi2Sr2CaCu2OB+x

A tetraphasic ol containing Bi, Sr, Ca, Cu was prepared using bismuth nitrate,

Bi(N0 3 )3 .5H 20, (0.03mole), strontium metal (0.03mole), calcium metal (0.015mole) and

copper acetate (0.03mole) and the detailed procedure is outlined in Fig. 1. The resulting

homogeneous mixed ol can be gelled and processed into bulk materials or thin films (fig. 1) of

Bi2S[2CaCu2Os+x. The gel powders calcined at 800"C for 12 h were made into pellets and

sintered at 870"C for 12 h.

2.4 Preparation of thin films of Bi2Sr2CaCu2Os+x

The intimately mixed sols (tetraphasic) were used to make films both on SrTiO3 (hot pressed) 3
and single crystal MgO substrates. A small amount of cladan binder was added to adjust the

viscosity of these soLs and the films were coated using a spin coater. The ol was spin casted on

the substrate at a speed of 2000 rpm for 45 seconds. After each coating, the film was dried at

100"C. About ten layers were coated to achieve sufficient thickness and calcined at 800'C for 6 h

I
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3. Characterization.
Formation of the superconducting oxide phases was confirmed by XRD. The superconducting

nature of the bulk materials was confirmed by measuring the resistance of the samples as a

function of temperature by the standard four probe technique. Inductance measurements were

also done on bulk samples to verify the superconducting behavior. The surface morphology of3the films was characterized by scanning electron microscopy (SEM). The superconducting

nature of Bi2Sr2CaCu2O8+ x film on MgO substrate was confirmed by measuring the

microwave absorption as a function of temperature (Jackson et al 1988).

4. Results and Discussion

The as prepared triphasic gel containing yttrium, barium and copper was amorphous and the gel

Icalcined at 800C showed the formation of single phase YBa2 Cu3O7. x . When the calcination
temperature was raised to 900C for 12 h, the phase could be indexed on an orthorhombic unit3] cell as has been reported by Wang-Ng et al (1987). The advantages of this method are (a) it does

not require repeated calcination and (b) a single phase can be obtained within 12 h. Others,

however, reported a much longer time for calcination to achieve a single phase. The powders

calcined at 800"C were made into pellets and sintered in air at 930"C for 12 h. Then the pellets

were annealed at 450"C for 5 h in 02 atmosphere. XRD of the above annealed pellet showed the

I formation of orthorhombic YBa2Cu3O7.x phase. The resistance curve (Fig.2) showed sharp

superconducting transitions ('90"K) with widths less than 3K from the onset to zero resistance.

The inductance measurement also showed a sharp fall at the same temperature.

The YBa2Cu307. x film coated on SrTiO3 substrate was calcined at 800C for 12 h and

annealed at 500"C for 5 hr in 02 atmosphere. XRD of this thin film showed the formation of the

superconducting phase. The sample surface was smooth and black in colour. The thickness of

the film was about 2 p m. The XRD also showed that the film was preferentially orientated

along the C- axis.

The tetraphasic gel powder containing Bi, Sr, Ca, Cu showed the formation o'

3Bi 2 Sr2 CaCU2OS+x Upon calcination at 850C for 12 h. The XRD pattern of a pellet that was

sintered at 870"C for 12 h is shown in fig.3. It can be seen from fig.3 that the diffraction pattern

3 is characteristic of the Bi2Sr2CaCu2O8+ x phase. The electrical resistance measured as a function

of temperature showed that the onset of Tc occurred at - 85"K but zero resistance was achieved

at - 67K. Scanning elctron micrograph of the fracture surface of the pellet showed plate like

morphology which is typical of this superconducting phase.

The films coated on MgO and SrTiO3 substrates using the tetraphasic sol were calcined at

3 800"C for 6 h and then annealed at 850'C and 870T for 10 minutes. XRD analysis of the film

annealed at 850"C indicated the presence of superconducting phase, Bi 2 Sr2 CaCu 2O8+x,

I nemiconducting phase and some other unidentified phase where as the film calcined at 870C

I
I
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showed only the formation of superconducting phase and semiconducting phase. XRD pattern I
of the film annealed at 870"C for 10 minutes on MgO substrate is shown in fig.4. A strong

preferred orientation along the C- axis of the superconducting phase was observed in the XRD 3
pattern with the C- axis oriented normal to the plane of the film. All the (001) reflections of the

film showed high intensity (fig.4). It appears that the films prepared by this method are

similar to those prepared by coevaporation or sputtering. The C-axis spacing observed in this
film was 3.04 nm, which is slightly smaller than the 3.078 nm spacing that was determined for

bulk materials (Hazen et al 1988). The small peaks marked with an asterisk (fig.4) may be 3
assigned to the semiconducting phase with C - 2.44 nm as reported by Sunshine et al (1988).

The microstructure of the film showed plate like grains which was also observed by Shah et al

(1988). It also revealed a rough surface with a grain size in the 5-8 pm range. The microwave

absorption of the film was measured as a function of temperature and the plot of the power ,P,

reflected by the sample vs temperature is shown in fig. 5. It is clearly seen that the onset of U
superconductivity occurred at 90'K and the corresponding sharp change in the reflected power.

The film coated on SrTiO3 substrate also showed clear evidence for C- axis orientation normal to 3
the plane of the film (figure not shown). The resistivity versus temperature measurement

revealed that the onset Tc occurred at 80'K for this sample. The microstructure of this film also 3
showed plate like grains, as expected.

5. Summary

A nanocomposite sol - gel method has been developed for making both bulk and thin film

materials of the high temperature superconductors, YBa2Cu3O7.x and Bi 2 Sr2CaCu2O8+x.
Superconducting oxides were prepared at temperatures as low as 750*C and 850"C for I
YBa 2 Cu 3O7-x and Bi2Sr 2CaCu2O8+x, respectively. The superconducting transition
temperatures occurred at - 90"K for YBa2Cu3O7.x and - 67"K for Bi2Sr2CaCu2O8+x. Highly 3
oriented films of YBa2Cu 30 7 .x and Bi2Sr2CaCu2O8+x were prepared on MgO and SrTiO3

substrates by using this SSG route. The microwave absorbtion of the Bi2Sr 2CaCu2O8+x film

on MgO substrate showed the onset Tc to be 90"K.
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Figure captions

Fig. I Flow chart for the preparation of bulk materias 'nd thin films of Bi2Sr2CaCu 2OB+x.

Fig. 2 Temperature dependence of electrical resistance for the sol- gel derived bulk

YBa2Cu307.x
Fig. 3 X- ray powder diffraction pattern of Bi2Sr2 CaCu2O8+ x pellet (made from powders

calcined at 800"C for 12 h) sintered at 870"Cfor 12 h. I
Fig. 4 X- ray powder diffraction pattern of highly oriented thin film of Bi2Sr2CaCu2O8+x On

MgO substrate. m
Fig. 5 Temperature dependence of the power, P reflected by Bi2Sr2CaCu2Os+x film on MgO

substrate. 5
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3 ABSTRACT

This paper reviews some of the research efforts in microelectronic packaging to
develop composites with dimensions of the fillers ranging down to nanometer dimensions.
Some initial experiments have been conducted with nanocomposites, where the thermal
and dielectric properties of polymer/fumed silica composites have been studied. The bulk
samples were prepared in different ratios of polymer to silica using polydimethyl siloxane
and Cab-O-Sil. Differential thermal analyses carried out on these samples show no shift in
their transition temperatures ( 330"C). The dielectric constant of the 70:30 (Cab.O-Sil-
Polymer by Wt.%) composite is 3.8, similar to that of the pure silica. For the same
composite the value of the thermal expansion coefficient is 350 ppm, closer to the value of
pure polymer (439 ppm). It is suggested that the key to model these nanocomposites with
ceramic and polymer phases is to understand the interfaces and their chemical bonding.

INTRODUCTION

I The rapid evolution of microelectronic packaging in recent years is causing a
number of concerns in the microelectronics industry. Many of the concerns are materials
science related. Packaging has been defined as the effective housing, cooling and
interconnecting of IC chips in a reliable fashion( 11. With the advent of VLSI (very large
scale integration) devices, the limits of packaging are being stretched. What was once
treated as an engineering problem has now become a major problem in materials science.
To elucidate this point, there are problems of dielectric permittivity limiting signal
propagation and crosstalk, and the heat dissipation problem with chips generating as much
as 40 watts[2]. Thermal expansion mismatch is another materials related area which is of
great concern in multilayer packages. Other problems such as impedance matching, rise-
time degradation, simultaneous switching noise, thermal and mechanical fatigue, all
require an imaginative use of materials science and engineering[3,4].

Certain material properties will have a greater weight over others, depending on
the application. In this regard, it has been suggested that specific figures of merit (FOM)
be developed. A weighted figure of merit is as follows[5]:

FOMsubstrate- (WIK.W20)/(W3P.W4Tproc.WSEr W6tan6.W7[ aSubs-cSi

where,
K - thermal conductivity
a - mechanical strength

p - surface roughness

Er - dielectric constant
tanb - dielectric loss

a - thermal expansion coefficient
Tproc. - processing temperature
0 - radiation sensitivity

I
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Wl-Wn-weights
The weighted averages can be determined from the other area of major concern, that being
reliability and testing. From various failure mode analyses, weights can be developed for
different applications. Thus for a comprehensive approach [5], packaging has to be I
considered from three different major areas: 1. Application, 2. Materials Science, and 3.
Testing and Reliability. However, in this study the focus has been given to materialsscience.

With increased trends towards miniaturization and reliability in microelectronic
packaging, homogeneity in materials processing is playing an important role. In addition,
increased demands on materials properties are driving substrates toward composite
materials. To increase the homogeneity in composites, they should be processed with I
phases reaching dimensions in the nanometer scale. In the present work an attempt has
been made to improve the substrate properties for microelectronic packaging application.
We have chosen Cab-O-Sil (fumed silica) and polydimethyl siloxane as a starting materials
to make nanocomposites with various weight proportions: 30-70, 50-50, and 70-30. The
nanocomposites are characterized by differential thermal analysis, thermal expansion
coefficient and measurements of dielectric constant and dielectric loss at frequencies from

O0Hz to 10MHz.

EXPERIMENTAL I
Cab-O-Sil and polydimethyl siloxane (Eccosil from Emerson Comming and Cab-O-

Sil from Cabot Corporation) are mixed in required proportions in a beaker. The mixture
is stirred well and the trapped airpores are removed through vacuum dessicator. Then the
composites are cured in a 150"C oven for 20 minutes. Transparent samples were obtained
and used for characterization. The flow chart can be seen in Figure 1. X-ray analyses
carried out on all these specimens showed the amorphous nature of the samples. I

Small pieces (0. 1xO. IxO.2 cms) were cut and used for differential thermal analyses.
The analyses were carried out in air between 25 and 400"C using a Perkin Elmer DTA 1700
Differential Thermal Analyzer. I

For dielectric measurements rectangular samples (2xlxO.3 cms) were cut and
electroded using evaporated aluminum. Capacitance and loss measurements were done
using HP4274A and 4275A from 100Hz to 10MHz. From the dimensions of the
electroded area and the thickness of the samples, the dielectric constant and loss were
calculated for all samples and are shown in Figures 2, 3, and 4. To determine the effect
of electrodes on the dielectric properties, we have also used other electrodes such as
sputtered gold, air dry silver paste and thin brass foil. Sputtered gold did not adhere well I
to the sample, therefore, evaporated aluminum was used followed by sputtered gold.
The dielectric constant and loss did not change very much (less than 3% variation) for
various electrodes.

Thermal expansion measurements were carried out using Perkin Elmer TMS-2
Thermomechanical Analyzer from 25 to 150"C. The typical thermal expansion graph for
one of the samples (Cab-O-Sil 70 - Polymer 30 by Wt.%) is shown in Fig.5. Repeated
thermal cycling (three times) of the samples did not show any hysteresis. The
measurements were also carried out at the rate of 10"/min, and 2"/min. The rate of heatinghad no effect on the values of thermal expansion coefficient (TCE)within this range.

RESULTS

The differential thermal analysis of the composites did not show any change in the
glass transition temperature, which was found to be around 330"C (same as that of pure I

I
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1
polymer). The composite samples were found to be transparent, indicating homogeneous
mixing of polymer and the Cab-O-Sil at nanometer scale. As seen from Figures 2, 3, and
4 that the dielectric constant and loss for all the composite compositions, decreased with
frequency. The dielectric loss for all the samples was resistive in naturc and decreased
from 0.01(at 100 Hz) to 0.004 (at 10MHz). The dielectric loss decreased with increased I
silica content (above 10KHz) in the polymer matrix (see Figures 2,3, and 4), implying the
presence of impurities in the polymer. The variation of dielectric constant (at 1KHz) vs.
percent polymer is shown in Figure 6 along with the theoretical values predicted by various
models. The value of k for pure polymer was found to be 7.8, and that of Cab-O-Sil was
assumed to be 3.8 (that of pure silica). The selection of the polymer was based on Eccosils
having a high glass transition temperature. The dielectric constant was found to decrease
with increase in silica content probably because of the increase in the number of interfaces 1
containing porosity and defects. Since a sudden change in the dielectric constant was
observed between 50 and 70 weight % silica, it is possible that at lower silica loadings, the
polymer wets well with the fewer silica particles. The dielectric constant of the composites I
for the lower loadings of silica (30 and 50 wt.%) was closer to that of the polymer and was
6.8 and 6.4 respectively. However, for 70 wt. % silica loading, the dielectric constant was
found to be similar to that of pure silica (3.8). Our model of the dielectric properties was
based on two phases, a ceramic and a polymer, but since in nanocomposites, the interface
has a significant volume fraction [241, it should be incorporated as another phase. This
would lead to a more accurate model for the dielectric behavior.

The variation of TCE with different weight percent polymer is shown in Figure 7. I
The TCE values for 0, 30, 50, and 70 weight % Cab-O-Sil were 439, 428, 424, and 350
ppm respectively. The TCE of pure silica is known to be 0.6 ppm , which was used to
extrapolate the TCE results. The value of TCE did not change very much from that of the I
polymer, even up to 70 weight percent loading of silica. This shows at low temperature
(up to 150"C) the thermal expansion coefficient is controlled by the polymer rather than
polymer-silica composite. The deviations of the experimental data from the models of
Turner, Fahmy and the simple mixing rule indicates again that the properties of the interface
have been neglected. I
DISCUSSIONS

Composite properties can be categorized according to (a) Sum property, (b)
Combination property and (c) Product property [6,71. For a sum property, the property
coefficient depends on the corresponding coefficients of its constituent phases. Dielectric
constant can be termed as a sum property, because the k of the composite depends directly
on the k of the constituent phases. For a combination property, the property coefficient
depends on two or more different coefficients of the constituent phases. Thermal
expansion coefficient can be termed as a combination property, because the thermal
expansion of a composite depends not only on the thermal expansion of the constituent I
phases but also on their elastic stiffnesses. In a product property, completely different
properties of the constituent phases are involved. The two properties chosen for this study
of nanocomposites are dielectric constant (sum property) and thermal expansion I
(combination property), because these types of composites have been extensively
investigated and modeled using effective medium theories, percolation theory and others,
and are shown in Figures 6 and 7 respectively.

Substrates for microelectronic packaging have to incorporate many materials related
properties depending on the level of integration required and the application for which they
are to be used. Therefore, a composite material has to be developed.

A composite route has been developed from the early times of printed circuit I
boards, which used a glass (ceramic) and polymer composite. These were macro scale
composites where the dimensions of the glass phase were comparable to that of the

I



9

8

OA 0 PAR

z && ASE0 &
u~ 0 03 6- 0 Aeu

A A MAX

0 AA
•A A AA

41 AA

4 A

3 0 20 40 60 80 oo

% POLYMER.

Fig.6. The variation of dielectric constant vs percent polymer along with the
theoretical fitting for different models

1 5-

IU DATA

3A SIMPLE

0 a TURNER

A * FAHMY

0 *

0 20 40 60 80 100

% SIUCA

Fig.7. The variation of TCE vs percent silica along with the theoretical
fitting for different models

I



I
plymer matrix. Various polymers have been used like polyimides, FR-4, polycynate etc.

8,91 along with a matted glass filler to incorporate strength and dimensional stability to
these printed circuit boards.

In the case of calculating the thermal expansion of a composite, consisting of a
ceramic and a polymer, with very different expansion coefficients, a change of temperature
(well below Tg ) gives rise to elastic strains[ 10]. This changes the overall TCE from a
simple volume average of the constituents (as is often the case with sum properties). The
thermal expansion of two-phase solids has been studied extensively for macro and micro I
composites. Turner f I ll studied the TCE of various filled plastics and modeled them
assuming a uniform hydrostatic stress that exists between the phases because of different
elastic properties. The classical approach by Turner has been since modified. Fahmy and
Ragai [ 121 modified the TCE of composites by incorporating a geometrical factor to include
the shape of the inclusions in a matrix. The orientation of the inclusions in a composite is
also known to cause anamolous behavior in ceramic polymer composites. Glass
matte/epoxy reinforced composites have been studied[ 13,14] and these composites are used I
to separate copper conductors that form a helical field coil in the Advanced Toroidal
Facility[ 131. An anomalous behavior was observed in the TCE(measured perpendicular to
the plane of the glass fiber inclusion) in these composites showing a discontinuity in slope I
of the expansion curve, well below the Tg of the polymer. They concluded that the
orientation of the glass fibres was key to uniform or anamolous behavior.

Since one of the major thrusts in packaging today is to develop low dielectric
constant (k) and low dielectric loss substrates, a lot of research effort has gone into the
development of porous silica composites with k less than 3.0. Much of this research deals
with micro-scale composites, where the porosity has micrometer dimensions. The leaching
of Vycor glasses with various acids has been studied to introduce porosity and thereby I
decrease the dielectric constant to below 3.0. These composites had interconnected
porosity (3-3) and could be well modeled using the Licktenecker's (Logarithmic) mixing
rule [151. In another study, sol gel processing, using colloidal silica with low T
polymers have been used. The polymer phase was removed by thermal treatment to yield
porous silica with ultra low dielectric properties (k < 2.0) [16,17]. The resulting
microstructure in these systems had both (0-3) and (3-3) connectivity at the micrometer
scale. These structures could be modeled using a combination of Maxwell's and
Licktenecker's mixing rules. Composite substrate materials also have been developed by
tape casting low melting lead based glass with hollow glass (silica) microspheres, whose
diameter ranged between 20 and 80 micrometers. These composites had dispersed porosity I
(3-0 composite) varying between 40 to 88 volume percent with dielectric constants ranging
between 2.5 and 4.0 [ 181. In another similar study, hollow silica microspheres were cast
with calcium aluminate cements with dielectric constants varying between 5 and 8 [191.
These composites followed the Maxwell's mixing rule, as predicted from theory.

Sputter deposited silica films were also studied with low dielectric constant (k-3.2)

and loss (Tan 6<0.002) [201, but they could not be modeled because of their complex
fractal morphology and the trade off between morphology and stoichiometry according to
deposition conditions. However, the porosity in these films was believed to be in the
nanometer scale, but it was too complex to determine with any level of accuracy, what kind
of distribution was in a complex columnar matrix [211.

Another unique technique, using a composite approach to form a ceramic/polymer
composite for microelectronic application was a modification of the replamine process [221.
In this study, organic templates (Nylon 66) were vacuum impregnated with colloidal silica I
( Cab-O-Sil and TEOS). The organic component was removed by heating the composite to
500"C, leaving a fragile silica network. This silica network structure had a 3-3
interconnected porosity. The last step was dip-coating the inorganic structure in a silicone
polymer. The final composite was modeled for dielectric properties with a combination ofthe Licktenecker's and parallel mixing rules [231.

I



The interest in studying nanocomposites, comes from the fact that they have
been known to exhibit unique properties, not predictable by the mixing rules for composite
materials. This uniqueness is attributed to the large volume fraction of surfaces or grain
boundaries that make up the composite [241. These interfaces have little or no short range
order, causing a large variation in properties from micro or macro composites. The TCE of
nanocrystalline Cu has been found to be 80 % greater than polycrystalline or glassy Cu,
and the specific heat of nanocrystalline Fe is also 50 % higher than polycrystalline or
glassy Fe [241. The melting point of Au is known to drop significantly as the particles
approach submicrometer dimensions(25]. The transition temperature of ferroelectric
materials like BaTiO 3 and PbTiO 3 have been found to drop suddenly as a result of grain
size approaching nanometer dimensions [26,27]. It has been found that as the surface free
energy of zirconia increased as a result of nanocrystallite size (300 A), the transition
temperature dropped to 27"C from 827"C for the tetragonal to monoclinic phase (281.
Thus, in all the above mentioned references, the key issue was the increase in surface area
or interfacial region, that caused drastic property variations.

Another concept about nanocomposites that has evolved out of Schmidt's work
[29,30,311 has to do with organically modified ceramics (ORMOCERS). These
nanocomposites have a chemical bond between a ceramic network and various polymer
/monomer chains. Depending on the polymer/monomer loading, a 3-0 or 3-3 type
composite could be formed. In the former case, short polymer chains would be bonded to
the ceramic network. In the latter case, the polymeric chains and the ceramic network form
a three dimensionally interconnected structure. These nanocomposites would exhibit
unique properties because in addition to the increase in interfaces, the chemical bond would
play a role in the final property of the composite. Thus, nanocomposites of ceramic and
polymers could be classified as (1) pure nanocomposites and/or (2) ORMOCERs. At this
point no attempt has been made to model these types of nano structures, because further
investigation is needed into the evaluation of interfaces and bond strength or number of
bonds per unit area of ceramic/polymer nanocomposites.

CONCLUSION AND FUTURE WORK

I There is evidence in the literature that when the size of the phases in a composite
approaches the nanometer scale, the properties vary drastically, and cannot be predicted by
simple mixing rules used for composites at a micro or macro scale. The key to
understanding nanoscale composites is to try to categorize them as (1) ORMOSERS and (2)
pure nanocomposites. In the first case chemical bond exists between the two phases
which plays an important role in why properties vary. In the second case, no chemical
bond exists as in (1) but the volume fraction of the interface region between the phases can
be as high as 50 % [241. Thus, the interface region, which would contain defects, voids,
etc has to be incorporated as a separate phase into the modelling problem.

At this stage we are trying to understand the nature of the sudden variations in
dielectric and thermal phenomena that is exhibited by these nanocomposites. This will not
only aid in understanding nanocomposites but also the processing of homogeneous
substrates with tailored properties for packaging VLSI and VHSIC devices.In this type of
composites there are various parameters which can be controlled and hence, we may be
able to make a good nanocomposite substrate materials for microelectronic packaging
applications with the required substrate properties. In the future, attempts will be made in
characterizing the interfaces between the ceramic and organic phase, not only to determine
its density but also whether a chemical bond exists.

I
I
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ABSTRACT

As trends towards miniaturized components and systems continue in many fields, there
has been a rapid development in similarly scaled-down composites. In the electronics industry,
these nanocomposites (and especially active nanocomposites based on ferroic elements) form a
basis for many of the recent advances in both information and charge storage. While the overall
properties of some of these composites can be explained as straightforward extrapolations from
the bulk properties, in other instances the small size of the ferroic phase has important
consequences on the macroscopic behavior of the composite. This paper reviews some of the
recent developments in small-scale ferroic nanocomposites and details the relation between
component size and the resultant properties.

INTROOUCTION

The study of composite electroceramics has resulted in several new families of devices
with properties superior to those obtainable from single phase materials [11. Typically, the
success of such composites can be traced to well-designed phase connectivity patterns, which
can, for example. force desirable field concentrations in a single phase, enhance the anisotropy
of property coefficients, and control the transport of heat or charge. Engineering of this type
accounts for the rapid growth in composite biomedical transducers, thermistors, hydrophones,
and chemical sensors.

However, the drive towards small-scale components has resulted In a new generation of
composites in which not only the connectivity, but the scale of the components also plays a
remarkable role in the overall properties. This is especiallqimportant in the case of ferroic
materials, where both the presence of domain walls and indeed, the ferroic transition itself, is
controlled by the crystallite size. In order to predict what properties to expect from ferroic
nanocomposites, then, it is necessary to understand how size affects the behavior of single phase3ferroics. This is easiest to illustrate with the family of ferromagnetic materials, as they are by
far the best studied of the ferroics, but new experimental evidence is acocumulating that small
ferroelectric, ferroelastic, and secondary ferroic particles will show similar behavior.

Beginning from the larger end of the size spectrum, it is well known that large grained
ferroic ceramics exhibit complex domain structures which are often bounded by several
different types of domain walls. As the size of the system decreases, however, the volume free
energy necessarily decreases as well, and it becomes increasingly difficult to support the
energy term associated with domain walls [21. Consequently, the number of domains is
projected to decrease as first one and then the other types of walls are eliminated.

At still smaller sizes (-20nm for many magnets), ferroic particles undergo a phase
change to the high temperature symmetry group. In the case of ferromagnetic particles (and
more recently relaxor ferroelectrics as well) this has been correlated with the size at which
the decrease in volume free energy accompanying magnetization is on the order of the thermal
energy[3,41. As a result, the spin direction is randomized with time, leading to an
unmagnetized but highly orientable single domain crystal. Thus a magnet in this size regime is
characterized by a zero net magnetization, the disappearance of a magnetic hysteresis loop, and
extremely high magnetic susceptibilities. Materials displaying this type of enhanced
responsiveness are termed superparamagnetic, superparaelectric, or superparaelastic solids.

Because ferroic properties are caused by cooperative phenomena, it is intuitively
appealing to suppose that the system will be forced to revert to the para-state at some size
where there are simply too few atoms to sustain the cooperative interactions. Thus, at sizes
approaching atomic dimensions, superparamagnetic materials should revert to Ordinary
paramagnetism in which the magnetic susceptibility follows a Curie law with temperature.I
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In summary, then, we expect four regions in the size dependence of ferroic properties 3
(Fig. 1). In large crystallites, multidomain effects accompanied by hysteresis take place.
Reductions in size lead to single domain particles, and at yet smaller sizes to destabilized
ferroics with large property coefficients, and finally to normal behavior as the particle size
approaches the atomic scale. Similar transitions with size are expected in secondary ferroics.
Typical sizes at which ferromagnetic, ferroelectric, and ferroelastic materials undergo these
transitions and the effect of size on the transformations temperatures have been reviewed
previously [51.

Magnetic nanocomposites based on either small particles or thin films are by far the
most extensively studied of the ferroic nanocomposites. Fundamental research on the properties
of fine magnets has, in recent years, been spurred by the burgeoning market in technological
applications of nanoscale devices. One of the obvious benefits to be reaped from the use of
smaller magnetic particles (especially in the magnetic recording industry) is that smaller
storage units lead to the possibility of storing information at a higher density. There are also I
some applications, however, where the small size of the ferroic component results in
properties considerably different from those of a bulk magnet. Composites designed to exploit
this effect include some thin film ferromagnetic/paramagnetic sandwiches and the magnetic
fluids used in clean seals.

The magnetic recording industry has played a substantial role in the development of fine
ferroic powders. Magnetic disks and tapes for recording and computer memories are prepared
by coating a substrate, typically a smooth nylon film, with a layer of ferromagnetic powder
dispersed in a binder. Powders are chosen for their retentivity, coercivity, low noise, and the

density of information they can store [6]. As the last two characteristics are strongly
correlated to the particle size, preparation of high quality fine particles is of considerable 3
importance to the industy. For most applications acicular y-Fe 2 0 3 particles about .2 Jim long

and 0.02 l.un in diameter are aligned parallel to both the film plane and the tape play direction.

These materials qualify as composites through the use of a polymeric backing layers and a i
permanent binder to fix the magnetic particles to the backing.

In a number of instances, however, even higher storage densities are desired, and finer
particles for both parallel and perpendicular recording are being investigated. In pioneering
studies with the perpendicular recording technique, Iwasaki and coworkers developed an rf

sputtered Co-Cr composition (thickness - 1 gm) which can store up to 15,000 bits/In [6].
This demonstration of feasblity, coupled with projected upper limits on the linear recording
density topping 100,000 bits/inch (by contrast, current technology for parallel recording is
limited to 15,000 bits of information/in, although 25,000 may eventually be possible [71)
has generated tremendous interest in this field. As of 1983, disks for perpendicular recording
with densities on the order of 40,000 bits/in had been reported by several different firms [81
Principal among the materials systems being investigated for perpendicular recording are
Co-doped iron oxide powders, Co films, and hexagonal barium ferrite platelets < 500 nm in
diameter [9]. Because of the comparative fragility of the metallic films used in perpendicular I
recording, they are most typically utilized in hard disk drives or other 'flying head"

applications where there is no contact between the recording head and the magnetic medium. The
development of more durable, corrosion resistant oxide films may lessen these restrictions
somewhat, opening perpendicular recording to more and more applications.

One promising example of what is possible with ingenious processing is the 1-3 composite
developed by Tsuya et al for uniform, high density magnetic components [101. In their
experiments, an aluminum alloy substrate is oxidized under conditions which result in the I
generation of a regular network of honeycomb cells on the surface. The columnar pores formed
during oxidation can subseauentv be etched to increase the diameter to >400A and backfilled
with iron to create a high density of magnetic elements with practical values for the coercive
force (See Fig. 2)

I
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I Fig. 1: Changes in the domain configurations of ferroics as a function of size
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Fig. 2: 1-3 nanocomposite used for perpendicular recording. To produce this structure a 3
honeycomb network of cells is created by oxidizing an aluminum alloy. The pores are
then etched and backfilled with iron [101.

Another 2-2 composite which has been favored by the progress in vertical recording is
the thin film lamellae structure used -in magnetooptical recording. In this type of device, 5
polarized light is either reflected from or transmitted through a thin magnetic layer. The
ellipticity of the resulting light is affected by the magnetization state, leading to the possibility
of storing and reading digital Information. In order to eliminate noise which could otherwise
interfere with the comparatively weak signal, a multilayer structure similar to that shown in
Fig. 3 and designed to effectively magnify the desired signal through Interference effects Is
sometimes incorporated [101.

Another growing field in magnetic recording is the use of ultrathin sandwiches of ferroic
and non-magnetic layers. Using sophisticated deposition techniques, magnetic layers on the
order of 5- 20 A can be separated by buffering films thin enough to permit magnetic coupling
through the intermediate layer. This type of film will constitute a new type of magnetic
recording media with exceptional storage properties. Currently under study are a variety of
transition metal or rare earth multilayers which, when deposited under appropriate conditions,
display an innate perpendicular magnetic anisotropy over limited thickness ranges [11-151.
Expecially exciting are some of the Co-based composites which couple the preferential
alignment with an enhanced Kerr rotation angle, an excellent combination for magnetooptical
recording applications [121. Moreoever, the Co/Pd and Co/Pt composites under scrutiny are
more corrosion resistant than the rare earth-containing alloys currently In use.

Work on this type of structure has also been extended to oxide supedattice systems.
Bando has prepared CoOINiO superlattices on sapphire and CoO/Fe3O4 on rocksat, obtaining
highly crystalline products In which the in-plane lattice spacings of each layer differed from
the bulk values to provide a better match to other layers. In order to minimize concurrent
changes In the unit cell volume, this was accompanied by variations In the out-of-plane
spacings. Neutron diffraction results for the CoO/NiO modulated structures show a strong
magnetic correlation between the layers and a well-defined Neel temperature for eachcomposition. The transition temperature for the films all lie on the line joining the Neel

temperatures of NiO and CoO 116, 17).
In contrast to the case of magnetic memory elements where a permanent magnet Is

essential for long-term storage, ferrofluids rely on the enhancement of magnetic properties
that can be achieved through the use of superparamagnetic particles with no lasting moments. I
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Fig. 3: 2-2 composite utilized In magnetooptic memories. This arrangement cancels out
components of the light wave which are not rotated by the magnetic layer while
amplifying the rotated signal [8]

I Typically, a ferrofluid consists of a suspension of magnetic particles small enough (-1 Onm) so
that Brownian motion is sufficient to prevent settling. As superparanagnets, each particle
behaves as a paramagnet, but one in which the magnetic moment is hundreds or thousands of
times higher than that of a single unit cell. Consequently, the use of exceptionally fine
particles, mandated by the need for colloid stability, leads to the added benefit of magnetic
properties superior to those which could be achieved with larger ferromagnetic particles.ILong term stability of such suspensions, however, also requires that individual particles
be shielded from each other by a buffer layer thid enough to prevent agglomeration due to van
der Weals forces. This has been approached primarily by two different routes, a) coating the
particles with a polymer to insure mechanical separation and b) endowing all of the particles
with a like surface charge so that Coulombic repulsion maintains the necessary distance
[18,191.

The first approach most often utilizes organic solvents and surfactants to realze a
well-dispersed colloid. As discussed below, dispersions of this type have found widespread use
as non-contaminating seals. In the second means of suspending the powders, however, the
particles are charged in the same way so that each behaves as a macro-ion. One of the distinct
advantages of this system is the ease with which the ferrofluid can be dispersed In water-based
solutions. This could prove extremely beneficial in medical technology as a ferrofluid with a pH
and salinity comparable to blood could be introduced into the circulatory system and3manipulated throughout the body by external magnetic fields. Once located in position, It could
then serve as an aid in diagnostic imaging, a temporary means of blocking blood flow, a drug

disoenser, or as a means of selectively concentrating high doses of X-rays in diseased tissue
while minimizing damage to neighboring areas (19,201.

Several of the more conventional uses of ferrofluids also entail controlling the position
of the fluid with an external magnetic field. A magnetic fluid separating two gaseous phases, for
example, can be pinned In place by an encircling magnetic field, even if there is a pressure
differential across the seal. Seals and bearings of this type, being non-abrasive, have received
wide acceptance in industries where the dust created through ordinary wear on solid-solid seals
can be catastrophic. Consequently, this type of seal is regularly used In computer hard disks to
prevent dust from entering and Ocrashing" a head. Similarly, ferrofluid seals have been
incorporated into cleanroom design, crystal growth fjnits, gas lasers, motors, blowers,

I
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cryogenic units, and cleanroom robotics [10,211. 3
Other applications in which the liquid position is controlled by a magnetic field include

loudspeakers and inkjet printers. Loudspeaker designs of this type incorporate magnetic fluids

to fill the gap between the voice coil and the permanent magnet. The fluid is retained in the gap

by the existing magnetic field; its presence dissipates heat which would otherwise limit the

power handling, and flattens the frequency response. Ferromagnetic inks for inkiet printers

have also been studied at the Matsushita Electric company in Japan. The use of magnetic ink aids

in the formation and resorption of the jet, leading to output with quality comparable to the
lower end of available laser printers [19,211.

Other prototype ferrofluid-based devices are aimed at the detection of magnetically
induced anisotropy in composite properties (i.e. birefringence in the refractive index). Thus, 3
for example, a viscometer suitable for small samples has been constructed on the principle that

as a magnetic field is removed from a liquid to which a small amount of ferrofluid has been

mixed, the observed birefringence will decay exponentially at a rate proportional to the host

fluid viscosity. In principle, the induced birefringence could also be utilized in magneto-optic

devices for manipulating polarized light (221.
Ferrofluids have also found application in a number of different fields, including

levitation systems for separating materials of differing density, vibration dampers, engines for 3
converting low grade heat to useable energy, and devices to measure very small inclination

angles [19,211.

Self Assemblino Nan0egomposites

The definition of nanocomposite can also be extended to encompass macroscopically 3
*single phase" materials displaying inhomogeneities in structure or properties on a fine scale.

Examples of this behavior found among ferromagnetic composites include solid solutions of

magnetic and nonmagnetic materials (i.e. Fe in Cu) In which the interactions between Isolated

magnetic dipoles (iron atoms) can be either ferromagnetic or antiferromagnetic 123). As a

consequence of the complicated magnetic interactions that occur, the lowest energy state In such

spin glasses consists of islands of aligned spins. Recent studies suggest that a few magnetic
perovskites also behave Ike spin glasses (See Fig. 4). In this latter case, the formation of

nanodomains in an essentially disordered matrix has been coupled to a charge
disproportionation:

2Fe4 4. Fe (4 -X + Fe(4 +X) +

and the appearance of a combination of ferromagnetic and antiferromagnetic ordering 124,25).

The resultant picture bears many qualitative similarities to a relaxor ferroelectric. Although I
few, if any, practical applications for spin glasses are under development, the attempts to
mathematically model such complicated, "dirtyr systems has had interesting implications on
problems as diverse as finding optimized solutions for large sets of variables and constraints U
and determining if polymer sequencing could have affected the process of evolution 1231.

FERROELECTRIC NIOOSMZS

In contrast to the case of ferromagnetic nanocomposites, ferroelectric nanocomposites
are largely unstudied. This Is due, in part, to the concentration on the larger scale composites
currently utilized as pressure sensors, vibration dampers, and transducers. However, there
are an increasing number of applications in which a small component size is mandated by the
need for optical transparency or low driving voltages, prompting a growing Interest in the field
of fine ferroelectrics. While much of this work is in its preliminary stages, current results I
promise properties which cannot currently be achieved with bulk ferroelectrics.

One interesting example of this is the family of relaxor ferroelectrics, which although
prepared as bulk materials, display inhomogeneities in both composition and ordering on a
nanometer scale 14,26.29). In TEM studies on compositions including many of the

I
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Fe 0 FT e(

m Fg. 4: Schematic of a spin glass showing the regions of aligned domains [24,25J caused by
antiferromagnetic coupling between Ike ions and ferromagnetic coupling between
unlike ions.

A(B'112 ,B'l 2)03 and A(B'23,B /3)O3 perovskites, it has been found that such materials
exhibit microdomains (typically 20 - 300 A in size) of 1:1 oroering on the B sublattie
dispersed In a disordered matrix [27-291. It has been suggested that as a result of this local
nonstoichiometry the spontaneous polarization in these materials is also disordered on a very
fine scale (4.28). Thus a lead magnesium niobate ceramic can be regarded as a collection of
disordered, but highly orientable, dipoles. Moreover, these incongruities in the lattice lead to

I different regions of a crystallite having different Curie temperatures. The result, much Ike
the case of superparamagnetism, is a high dielectric permittivity over a broad temperature
range even though the net spontaneous polarization is zero. The low temperature coefficient of
capacitance (TCC) of these materials coupled with the high dielectric constant (a marked
contrast to homogeneous ferroelectrics where the well-defined Curie temperature results in a
large TCC in those regions where the dielectric constant is also high) makes relaxors attractive
as capacitors. The comparatively low firing temperatures of these materials is also eliciting
interest from the electronic component packaging industry as it should permit co-firing of
capacitors with high conductivity, low-cost electrodes.

In many of the relaxor compositions, the small-scale heterogeneities present on
quenching can be controlled by annealing at high temperatures to produce larger ordered
regions. Once the ordered microdomains in a relaxor grow beyond a certain size, however, the
material reverts to ordinary ferroelectric (or antiferroelectric) behavior with a well defined
transition temperature and a non-dispersive dielectric response. This, in turn, raises the TCC,
minimizing its potantial use as a capacitor composition. For lead indium niobate the critical
domain size at which antiferroelectric ordering appears is 80 nm (28.

Another example of the effect of nano-scale heterogeneities on macroscopic properties is
the recent discovery of exceptional optical properties in the incommensurate phase of[N(CH3)412ZnCI4 [301. Here, the deviation from the crystal periodicity is accompanied by 

peak In the electrooptic coefficient to a value 105 times higher than has been reported for any
other material. When the temperature is raised to the point that this material returns to a
commensurate lattice, effectively regaining its small scale periodicity, the electro-optic
coefficent returns to more common value.

In addition to such nanocomposites where the pertinent inhomogeneity is caused by a
small-scale restructuring of the lattice, there are ferroelectric nanocomposites produced by

I
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mixing two or more different phases together. Among these more conventional two-phase I
ferroelectric nanocomposhes is the electronic analog to the ferromagnetic fluid. Using fine
BaTiO3 particles suspended in an organic carder liquid, Miller et al have shown that the

resulting liquid displays a maximum in the dielectric constant at the tetragona- cubic phase I
transition of the perovskite [311. Similarly, Bachmann and Bamer have determined that
milled particles (average diameter - 1Onm) dispersed in a mixture of heptane and oleic acid
have permanent polar moments [321. Hopefully as work in this area proceeds, these liquids
will find applications in areas as diverse as those employing ferromagnetic fluids. In
particular, ferroelectric fluids could be used as an alternative to liquid crystals in displaypanels.I

These goals do not seem unreasonable in light of the some of the recent successes in
preparing solid 0-3 ferroelectric nanoomposites with ferroic properties. Indicative of the
advances in this area is the work of Lee at al with coprecipitated PbTiO3 powders dispersed in a

polymeric matrix. In a series of poling studies they demonstrated that the polarization vectors i
of powders <-20 nm in diameter could be aligned under strong electric fields, leading to a net
polar moment and piezoelectricity in the composite [331. 0-3 composites of this type have
traditionally been used as vibration sensors and dampers. It is hoped that by miniaturizing the
ferroic component such materials can be integrated into optical applications (see below).

Another area where small particulate ferroelectrics may be useful is in the preparation
of materials for frequency doubling high intensity IR lasers down to a wavelength at which SiO2

optical fibers transmit light well. In order to accomplish this, it is necessary to use a material
which is both an efficient second harmonic generator and for which the refractive index can be
matched at the primary and secondary frequencies. While ferroelectrics fulfil the first
requirement, the refractive Indices of ferroelectrics undergo ordinary dispersion, so index
matching is not possible in an unpoled ceramic. However, it should be possible to compensate
for the dispersion by using a crystars birefringence to slow the frequency doubled wave [34).
Unfortunately, no single material couples the necessary magnitude for the optical ansotropy I
and efficient conversion of the primary to the secondary frequency with resistance to optical
damage. One of the schemes proposed to overcome this difficulty entails prepnng a composite
of non-spherical ferroelectric particles embedded in a transparent matrix. If all of the
particles could be aligned, the resulting material should display form birefrtrwnce (due to the
particle shape anisotropy) of a magnitude large enough for index matching. 7o insure
transparency of such a composite, though, the dispersed phase must be considerably smaller
than the wavelength of light (-50Onm) to avoid scattering losses.

Although ferroelastic materials were first described by Alzu in 1969. there are stil
very few devices utilizing the ferroic nature of these materials. Instead, the gadolinium
molybdate crystals proposed for use in optical shutters, read only memories, and electronically
variable SAW/buk delay lines [351 most often possess few domain walls. Part of the reason
that comparatively lttle is known about terroelastic with artificially generated fine domain
structures Is that there are a limited number of materials for which the coercive stress Is low
enough to move the domain wals without affecting either the crystars structural state or its
mechanical integrity. Indeed, the amount of energy it would take to induce controlled, closely
spaced twins is often too large to be sustained.

This may be the reason that the ferroic properties of zirconla, an additive widely used
for toughening ceramics, are largely unstudied. Although one would expect domain wall
movement to permit stress relaxation and so increase the fracture toughness of zirconia
ceramics, available experimental data are contradictory and do not completely support this m
hypothesis. Studies by Virkar and Matsumoto, for example, Indicate that the toughness of
tetragonal zirconla Is related to fermelastic contributions [361. Although these results have
been called into question [371, similar conclusions can be inferred from the careful studies of I
Michel et al (381. In contrast, Ingel et al [391 concluded on the basis of mechanical property
measurements on pure zircona as a function of temperature that the major contibution to the I
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toughness in zirconia is the tetragonal to monoclinic phase transition. The exceptionally large

fracture toughnesses of partially stabilized zirconia ceramics are also explained as stemming
from the same stress- induced phase transformation [40,411. At temperatures above 900° C,

Ingel's data does contain a slight upward trend in fracture strength which may be related to

ferroelasticity. However, if this indicates the magnitude of energy (temperature) necessary to3free the domain wails, it cearly precludes using ferroelasticity as the sole toughening
mechanism at room temperature for zironia ceramics. Consequently, it can be concluded that

the coercive stress of many ferroelastics is too high for practical manipulation at low
I temperatures.

One notable exception to this is neodymium pentaphosphate (NPP), a pure ferroelastic

crystal first discovered in 1972 by Danielmeyer and Weber. The high temperature, prototype
form of NPP is orthorhombic while the ferroelastic low temperature form is monodinic (point
group 2/m). There are two types of domain structures in NPP; those separated by a (001)

twin plane (a-type domain wall) and others bounded by (100) twin planes (b-type domain

I wall). Interesting from a practical point of view is the fact that in NPP the domain walls can be

moved by a shear stress of only 0.014 N/mm2 .
Meeks and Auld have made outstanding progress in controlling the domain structure in

NPP by using a mechanical stress in conjunction with a laser beam (421. Several types of

domain structures can be generated in this fashion, including tunable arrays with domain wall

periods between 100 and 3 I, n. This lower value agrees with an estimate based on theoretical

3 considerations of the minimum achievable domain size. However, It was also shown that periods

down to 0.5 jpm could be obtained with arrays trapped between two types of domain walls (See

Fig. 5). Periodic structures Ike this interact with both optical and acoustic waves, leading to

potential applications as a new functional material for tunable active gratings for lasers,

tunable diffraction gratings, tunable Bragg reflection gratings, tunable acoustic filters, optical

modulators, and optkpal domain wall memories. As their lowest periodicity is just at the border

where a structure can be considered nanoscale, this work offers the possibility that true

nanocomposites based on pure ferroelastics may eventually be possible.
One approach designed to overcome the difficulties associated with produdng nanoscale

domains is to utilize ferroics in which the ferroelasticity arises only as a cWnsequence of the

I primary order parameter. In the perovskite ferroelectrics, for example, the 90 domains are

both ferroelectric and ferroelastic due to the spontaneous strain. Thus, in relaor

ferroelectrICs, where the regions of coherent polarization can be on the order of 100 nm,

ferroelastic domains with sir ,ilar scales should also be present. Lead lanthanum zirconate

titanate (PLZT) ceramics fulfilling these requirements hava been shown to demonstrate shape

memory effects 1431, a property closely tied with ferroelasticity. This is a particularly

exciting result as ferroelastics with very small domains might become superparaelastic. The

Ihigh mechanical complianc that should accompany such a transition would be extremely useful

in preparing ceramics with high fracture toughnessee . _

The study of composite electroceramics has been a fruitful source of new properties and

new functional materials. As these components are miniaturized, however, the focus of

composite design has broadened from engineering of advantageous connectivity patterns to

Include the utilization of size effects to control the macroscopic behavior of nanocomposites.

This has proved to be especially Important for ferroic nanocomposites, where a reduction in

size profoundly affects the number and type of domain walls present in the material. The role of

this type of behavior on several functional ferromagnetic, ferroelectrc, and ferroelastic

n nanocompost5s has been dscusse.

I
I
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Fig. 5: One method of obtaining tunable twins. The Initial state show, i, (a) is stressed in3
(b). As the bottom stress point Is moved to the right, the domains become much
smaller (c). (d) shows the configuration with which the SO0nm periodic domains
were created 1421.
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Transmission electron microscope examination of Ba2TiSi 2O8 has revealed a new

incommensurate phase. The incommensurate reflections occur along < 100>, and in the

hkl/2 level. At elevated temperatures the incommensurate reflections disappear; it is

suggested that the property anomalies previously reported in this material at 160'C are due

to the onset of the incommensuration. Differences and similarities with other related

compounds are discussed.



i

INTRODUCTION

- Fresnoite, Ba 2TiSi 2O8 (BTS), is a relatively rare mineral found in sanbornite-bearing

3 metamorphic rocks 1. It has been studied primarily for its polar properties, where much of the

work has centered on the possibility of using BTS in surface acoustic wave devices 2 .

IFresnoite-based materials can be fabricated through the polar glass-ceramic process 3 . A

comparative study between single crystals of BTS and the related polar glass-ceramics revealed an

unusual anomaly at 160"C4 . The most striking signature of this anomaly was found in the

pyroelectric behavior. With increasing temperature the pyroelectric coefficient increases steadily

until 160"C, whereupon it decreases rapidly, passing through zero at 190"C. A broad peak in the

dielectric constant and the piezoelectric coupling coefficient were also indications of the anomaly.

Although these anomalies suggested a phase transition at 160"C in BTS, single-crystal structure

refinements at 25 and 300"C resulted in satisfactory residuals within the same space group 5 . This

3 result seemed to rule out the possibility of a phase transition, and although several possible

explanations were presented (cancellation of primary and secondary effects4 ; anomalies in the

elastic constants 5 , which have since been observed by Chang and Bhalla 6 ), the cause of the

*- anomaly remained unclear.

The germanium analog of BTS, Ba 2TiGe 2O8 (BTG), has two phase transitions: a ferroelastic

phase transition at 850"C, and an unusual low-temperature transition at -50"C on cooling, OC on

heating. An incommensurate modulation of the structure exists throughout the temperature range

850"C to .50"C7 .

Transmission electron microscope (TEM) examination of single crystals of BTS has revealed a

previously unreported set of superlattice reflections. We show that these reflections are

3m incommensurate. This communication reports on the incommensurate phase in BTS, its

relationship with the 160"C anomaly, and its correspondence to similar compounds.U

m

I



I
EXPERIMENTAL

I
Several different samples were used in this study. Single crystals of BTS were grown by tile

Czochralski technique, and with a miniature float zone technique from ceramic feed stock and

Czochralski-grown BTS seeds. Ceramic samples were prepared through a conventional

mixed-oxide technique.

The samples were ion-beam thinned and examined initially at room-temperature with a Philips

420 TEM. All samples showed identical diffraction patterns; therefore we will only discuss the

Czochralski -grown sample. This crystal was also examined on a J.E.O.L. 200 CX Electron

Microscope equipped with a Gatan model 628 hot stage.

The crystal used in the previous structure refinements of Markgraf et al. 5 was reexamined with

i an x-ray precession camera operating with filtered Mo radiation.

i RESULTS

I
Previous studies on single crystals of BTS showed a tetragonal cell in space group P4bm

3 (C4, 2), a = 8.52 A, c= 5.21 A. Figure 1 presents azone axis <001> electron diffraction pattern

from a BTS single crystal. The arrows mark the weak reflections we consider as incommensumtc.

U These reflections occur at (1 +8)a*/3, where 8=0.20, although the accuracy of this measurement is

3 not high. Electron diffraction patterns on tilted [001] samples show incommensurate reflections in

the hkl/2 level (Fig. 2). These reflections effectively double the clattice parameter. Figure 3

• shows the room-temperature three-dimensional reciprocal lattice of BTS.

The single crystal used in the structure analysis of Markgraf et al. 5 was examined with a x. ay

precession camera for reflections in the hkl/2 level. An extremely long exposure (six weeks)

1 . confirmed the presence of the incommensurate reflections in this sample.

Heating the sample in-situ within the electron microscope revealed that the incommensurate

3 reflections become progressively weaker, until they are no longer observable (Figs. I and 2). The

incommensurate reflections reappear with no noticeable difference in position or intensity upoln

cooling to room-temperature. The specimen/furnace assembly utilized in this hot-stage can lead to

I



I
large thermal differences between the temperature at the observation area and the thermocouple

readout from the microscope furnace. We are therefore reluctant to compare the transition

temperature obtained from the microscope hot-stage with the transition temperature obtained from

property anomalies; they are however within the same range (Fig. lb was obtained with a furnace I
temperature of 345"C, Fig. 2b was obtained with a furnace temperature of 2 10"C on a subsequent

run).

Dark-field imaging using several incommensurate reflections showed the presence of domains 3
(Figure 4). These domains are very fine, on the order of 100 nm. in size, and show very weak

contrast. On the lower energy microscope (Philips: 120 kV) we observed only a mottled I
background; with the higher energy microscope (J.E.O.L: 200 kV) the contrast was much better.

Unfortunately we could not isolate reflections along just the < 100> direction or the <010>

direction for dark-field work. We had hoped to determine if different domains were excited by 3
using reflections either along < 100> or <010>. I

DISCUSSION

Previous work has shown that BTS has the same structure at room-temperature and at 300'C . 3
Because of the structural similarity above and below 160"C, no structural explanation was available

for the unusual anomaly observed in BTS. However, the temperature behavior of the

incommensurate reflections leads us ', the conclusion that the anomaly in BTS is the result of a

prototypic to incommensurate type of phase transition. Prototype- to-incommensu rate phaseI

transitions are commonly subtle in their signature.

There are several unexplained features of our TEM analysis. The incommensurate reflections

are strongest in the center of the hkO diffraction pattern. From a kinematical treatment this indicates 3
that the cause of the incommensuration may be compositional in nature8 . Incommensurates with

displacive origins may show the incommensurate reflections becoming stronger with increasing I
distance from the center of the diffraction pattern. However it seems unlikely that the cause of the m

incommensuration is due to a modulation of the composition. Rather it is more likely that the

Debye-Waller parameters, ignored in the above analysis, play a major role in the intensity of the 3
I



incommensurate reflections. It should be noted that not all incommensurate crystals, wherein the

I modulation is well understood, follow a simple compositional versus displacive guideline (e.g.

Rb2ZnC 4
9, Ba2NaNb5Ol 5 10) in their diffraction behavior.

We are uncertain of the cause of the domains formed by dark field imaging the incommensurate

reflections. Analysis is difficult due to their high density and weak contrast. One possibility is that

they represent discommensurations. Discommensurations are the crystallographic equivalent of

I antiphase boundaries, in that they are imaged with satellite reflections, or in this case

incommensurate reflections. Microscopically discommensurations represent walls separating

commensurate regions. The dark areas on Fig. 4 would then be regions with a different

modulation vector, areas not excited by the incommensurate reflections chosen. Unfortunately,

because of the resolution of the micrographs, we are not able to correlate the density of the

I domains with 8, or analyze their interactions for some understanding of the symmetry of the

modulation vector(s).

As mentioned previously the germanium analog of BTS has an incommensurate phase, and

this incommensurate phase is coupled with a ferroelastic phase transition occurring at 850'C. This

behavior is attributed to the buckling of the pyrogermanate group. Adding silicon to the

germanium endmember suppresses the ferroelastic phase transition, until at approximately 40

atomic percent silicon the phase is no longer ferroelastic at room-temperature I 1. It is therefore

surprising to find an incommensurate phase in BTS, especially without the appearance of

ferroelasticity.

Aspects of the incommensurate phase in BTS are similar to those observed in BTG. The most

I obvious similarity is the occurrence of the reflections at hkl/2 in both compounds. Only

superlattice reflections are present in this level, and these reflections are quite strong relative to

superlattice reflections in the hk0 level. An important difference in the two incommensurate phases

is that in BTG the modulation is along the prototypic <110> direction, whereas in BTS it is found

along <100>.

I Although the strain present in BTS is evidently not great enough to induce ferroelastic

behavior, it is apparently enough to cause slight structural distortions and the concomitant

incommensurate phase. The cause for these structural distortions is a matter of speculation. One



U
possibility is that barium in the ten-fold site causes a strain in the basal plane containing the Si207

and TiO 5 linkage. Certainly it is the basal plane that contains much of the strain in BTS. Chang I
and Bhalla 6 have shown that only the cl 1, c12, and c66 elastic constants are affected by the phase

transition. Other indications of this strain can be found in an optical conoscopic examination of

BTS. The interference figure expected for a uniaxial crystal is slightly distorted, showing the 3
effects of strain, and giving a hint of biaxial character. One test of this argument would be through

examination of(Ba,Sr)2TiSi2Og. Strontium, with a smaller ionic radius, should not cause as much 3
strain in the structure. Similar arguments have been advanced to explain the incommensurate phase

in several melilite compounds 12 , 13, which have a closely related structure. II
CONCLUSION I

An incommensurate phase is described in Ba 2TiSi2O8 for the first time. The

incommensuration has also been confirmed to occur in samples previously examined with x-rays. I
It is postuiated that the incommensurate phase is responsible for the property anomalies observed at 3
160"C through a prototype-to-incommensurate type of phase transition. The modulation in BTS

occurs in a different direction than that found in the germanium analog, although both show 3
superlattice reflections in the hkl/2 level. The modulation is suggested to be associated with the

large barium cation causing distortions in the basal Si 20 7 and TiO 5 linkage. I
!
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FIGURE CAPTIONS

Figure 1. BTS single crystal zone axis <001> electron diffraction pattern : (a) room temperature:

(b) elevated temperature.

I Figure 2. BTS single crystal tilted zone axis <001> electron diffraction pattern: (a) room

temperature; (b) elevated temperature.

I
Figure 3. Three-dimensional view of the observed reciprocal lattice found in BTS at room

temperature with electron diffraction. The thick lines outline the prototypic tetragonal unit cell, the

thin lines serve as a guide for the eye.

I
Figure 4. Dark-field image using several hkl/2 incommensurate reflections at room temperatu

(a) observed contrast; (b) enlargement of region of (a); (c) incommensurate reflections utilized are

I arrowed.

I
I
I
I
I
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Pyroelectric, piezoelectric, and dielectric properties of 13-BaB 2O4
single crystal

R. Guo and A. S. Bhalla
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(Received 13 July 1989; accepted for publication 5 September 1989)

Dielectric and pyroelectric properties of single-crystal #-barium metaborate (fl-BaB20 4) are
measured in the temperature range from 50 C down to - 190 *C. Thermal expansion and
piezoelectric properties are measured at room temperature. Piezoelectric and
electromechanical coupling coefficients in 0-BaB20 4 are low where as pyroelectric filure of
merit p/K is quite attractive for some device applications.

#-barium metaborate (0-BaBO 4 ) is one of the most the samples care was taken that all surfaces of the samples
important second harmonic generation materials." It has a were flat and the opposite surfaces parallel to each other.
high nonlinear optical coefficient, d,, -4xd, (KDP) and The b-cut plate shaped crystal was used for determining the
phase matching over a wavelength range from 2000 . to 1.5 d2, and d,5 = d2,, and the c-cut plate shaped crystal was
,um. Its transmission range (from 1900 A to 3.5 /Am) and used for determining the d33 and d3, = d32. Poisson ratio a
damage threshold > 10 GW/cm2 at 100 ps make this materi- was determined from the c-cut plate by using the expression
al a most desirable candidate for frequency conversion in the V3 1 -
ultraviolet range. V, = ,

O-BaB:O, belongs to the crystal point group symmetry v, 4(c ,/cf )/( 1 - 2c)
3m. Although it is difficult to grow the crystals of#-BaBO,, where v, and v3 are the wave velocities of the LE and TE
high optical homogeneity and quality crystals have been mode, respectively.
grown successfully by the flux technique! Since this crystal Figure I shows the temperature dependencies of the py-
belongs to the polar crystal point group, it may have interest- roelectric coefficient and the APover a temperature range 50
ing pyroelectric and piezoelectric properties. In this commu-
nication we describe the measurements of dielectric and py-
roelectric properties over a temperature range - 180- 10 04

+ 50 "C and piezoelectric properties at room temperature.
The rectangular plates with a c or a axes perpendicular La 150.

to the major faces were cut, polished, and Au electroded for -

the measurements of dielectric and pyroelectric properties. 1 2"I-
Dielectrc measurements were carried out over a tempera- 9 02
ture range of - 180 "C to about 50 "C and a frequency range 1 /

suring system. The pyroelectric coefficients were measured g 12

of 100 Hz -100 kHz by using a computerized automatic ea- Wu
by the Byer and Roundy technique (1972). The remanent ,=
polarization P, was obtained by the integration of the pyro- 0
electric coefficient versus temperature data. .200 - PER -1oo -50 0 50

The electromechanical responses of the samples were

measured by the piezoelectric resonance method? Since the F10. I. Temperature depadeie of polariaton and pyroelectnc .odB
resonant frequencies are determined by the dimensions of cient of -SbW 20, ungie cMAL

O6 J AcOt. P", 66(12). 15 DemieIf I9Ml 0021-8979/89/246186-03$02.40 1) 1"$O Amerim lnflutof 6 01iss 61K



w - 180 'C. The pyroelectnc coefficients of #BaB] 2O4 are 9o

practically constant over the entire temperature range, ex- its
cept those close to the liquid nitrogen temperature, indicat- Z ..

ing the minimal contribution from the secondary pyroelec- as
tricity in this range. In the case of point group 3m the *.."..-*

secondary pyroelectricity can be calculated from the expres- 6.4 :
si -n, .................
Piec = 2d3 1(c11al + C¢2a + C13a 3) + d33(2c 3ta, + c33a). - ....... 6
The elastic coefficients, cy, for the 8-BaB2O, as reported" '  ao 1 .........3.... . .

. ............... ..- 6
are listed in Table I (all in N/m). The room-temperature I0 . . , . , . , t -, 0

-zoo -t50 -100 -50 0
TEMPERATURE (1C)

TABLE 1. Thermal. mechanical electrical, and electromechanical proper- FIG. 2. Temperature dependence of dielectric constants K, (11 1001) and
ties of 4-BaBO, single crystal.' KI,(1 l011 ]) of O-BaB.O, single crystal (frequency range 10:- 10' Hz).

Crystal point group 3m
Thermal eapansion a, = -2.54x 10-/C a, = 0.36x 10-*/'C
Mechanical properties

Density p = 3.83 g/cm'
Compliances ( X 10 - 

m2/N) Stiffhesses ( x 109 N/m 2 )b

i, = 11.24 , - 123.78 values of piezoelectric constants d33 -4 x 10- 2 C/N and
4, = 18.51 4; = 60.34 d3, = - 0.85 x 10-12 C/N were determined from the pie-
sL = 332.0 4, = 49.34 zoelectric resonance measurement, and the thermal expan-
4;, - 3.765 CS = 53.33 sion, a 3 = 0.36x 10-'6 /Canda, = - 2.54X 10 -/*C were

r3. = 30.01 c 60 = 7.75 determined from the strain-versus-temperature measure-
c30 = 32.60 ments.

Young's modulus: YE = 8.898 < 1O' N/m Using the values of cY, dy, and a, in the above expres-
Posson'srao: ao pa0.335 sion, the secondary pyroelectric contribution was estimated

thickness mode Q = 209 to be - 0.16 lAC/m 2 + K. The observed total pyroelectriccoefficient (PT = Pp.m + p,,, ) at room temperature was
Electncal properties 14.5 UC/m 2 K. In general in the nonferroelectric pyroelec-

Dielctrc constant tric crystals the major temperature dependence of the pyro-K ri = 8.2 (0 kHz)

K T, = 6.5 (I kHz) electric coefficient is due to the secondary contribution. I
K E = 6.6 (1 MHz) Since in the case of f-BaB,O. the secondary contribution is
K ILI = 5.78 (1 MHz) negligible, the room-temperature coefficients are represen-

tan 6<10 - ' (102-I OHz) tative of the primary pyroelectricity. Also the temperature
Re'sitivity dependence of the pyroelectric coefficient with decrease in Ip,'=16.31xlO~flm

p,, = 16.3 X 10' flim temperature is very small (Fig. 1).P .occ =01 0flThe dielectric constant K and loss tan 6, on c and a
PCazoelec tac plates were measured over a temperature range 50-Charge constants ( x 10- C/IN)

d, = 4.0 - 180'C and frequency range 100 Hz-100 kHz. Figure 2
d,, = - 0.85 shows the room temperature K,=8.2 and K, z6.5, and
d, = 1.26 these values along with tan 63 =tan 61< 10-3 (not shown in I
drat= 0.3 the figure) are almost constant down to the liquid nitrogen

Hydrostatic
d. = 2.2 temperature. The calculated figure of merit p/K- 2 x 10-6

Voltage constants ( x 10- 3 V m/N) /uC/m2 K is about half of that of LiTaO3 at room tempera-
g,) = 55. 12 ture. At lower temperature, (p/K) in O-BaB 20, stays almost
g,, = - 11.73 constant as compared to thep/K in many of the ferroelectric
g, = 23.3
9)& = 5.2 materials, in which case it decreases with the decrease in

Hydrostatic temperature. Also, it is interesting to note that the tan 6 val-
eo = 30o6 ues are < 10- 3 and stay practically the same throughout theElectromechanic coupling constants (x 10- 2)

k, = 78 measureinent temperature range. Although the pyroelectric
, 3.0 coefficients are not very high. the reasonable p/K, low I

k,, =0.9 tan 6< 10 ', and the temperature-independent p, K, and
k, 0.7 tan 6 coefficients are still attractive for a number of applica-
k, = 2.4 tions.

Pyroelectric coefficient As listed in Table I, the piezoelectric and electro-
= 14.5 MC/Ai' K mechanical coupling coefficients in 6-BaBO, are rather low

* All values at room temperature, and thus this material may not be very interesting for the
Refertnce 4. piezoelectric transducer applications. I
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